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Plants are exposed to many forms of stress, including pathogen and herbivore 
attack, or adverse light, water, temperature, nutrien  or salt conditions. Due to their 
sessile life style, plants are only able to survive by the ability to build up fast and 
highly adapted responses to these diverse environmental stresses. To effectively avoid 
invasion by microbial pathogens and herbivorous insects, plants have evolved 
sophisticated mechanisms to provide several strategic layers of constitutive and 
induced defenses. Preformed physical and biochemical barriers constitute the first line 
of defense and fend off the majority of pathogens ad insects. However, when a 
pathogen or herbivore overcomes or evades these constitutive defenses, recognition of 
pathogen-derived or insect-induced signal molecules by plant receptors leads to the 
activation of a concerted battery of defense respones designed to prevent further 
pathogen spread or plant damage.  
Perception of stress signals usually results in the biosynthesis of one or more of 
the major secondary signaling molecules jasmonates (JA ; Pérez and Goossens, 2013; 
Wasternack and Hause, 2013), ethylene (ET; Merchante et al., 2013) and salicylic acid 
(SA; Loake and Grant, 2007; Boatwright and Pajerowska-Mukhtar, 2013). Production 
of one or more of these hormones generates signal transduction networks that lead to a 
cascade of events responsible for the physiological adaptation of the plant to the 
external stress. In general, it can be stated that defense against pathogens with a 
biotrophic lifestyle is mediated by the SA signal tr nsduction route, whereas responses 
to wounding and insect herbivory are mediated by JAs and attack by necrotrophic 
pathogens triggers JAs/ET-dependent responses (Dong, 1998; Glazebrook, 2005; Howe 
and Jander, 2008). Over the past decade, it has become increasingly clear that a plant’s 
resistance to attack is not brought about by the isolated activation of parallel, linear 
hormonal pathways, but rather is the consequence of a c mplex regulatory network that 
connects the individual pathways, enabling each to assist or antagonize the others 
(Pieterse et al., 2009). The JAs, ET and SA signal tr nsduction pathways act 
synergistically or antagonistically in a variety of responses, leading to fine-tuning of 
the complex defense response (Kunkel and Brooks, 2002; Pieterse et al., 2009). These 
signaling pathways affect each other through extensiv  cross-talk occurring at different 
levels (Pieterse et al., 2009). Whereas SA works mainly ntagonistically to JAs, ET can 
have either synergistic or antagonistic effects on certain subsets of genes regulated by 
JAs (Memelink, 2009). Genes encoding proteins involved in defense against 
necrotrophic pathogens, such as the anti-microbial pl nt defensin PDF1.2, are 
synergistically induced by a combination of JAs and ET, whereas genes encoding 
proteins involved in defense against herbivorous insects, such as the acid phosphatase 
VSP1, are strongly induced by JAs alone and ET has a strong negative effect on the 
JAs response. In addition other factors, such as growth conditions, tissue type and age, 
and other hormones such as gibberellic acids (GAs), affect the response output to JAs 
and ET (Pauwels et al., 2008; Hou et al., 2010). 
 
 




Jasmonic acid (JA) and its cyclic precursors and derivatives, collectively 
referred to as JAs, constitute a family of bioactive oxylipins that regulate plant 
responses to environmental and developmental cues (Pérez and Goossens, 2013; 
Wasternack and Hause, 2013). These signaling molecules affect a variety of plant 
processes including fruit ripening (Creelman and Mullet, 1997), production of viable 
pollen (Feys et al., 1994; McConn and Browse, 1996; Sanders et al., 2000; Stintzi and 
Browse, 2000), root elongation (Staswick et al., 1992), tendril coiling (Devoto and 
Turner, 2003), response to wounding (Zhang and Turner, 2008) and abiotic stresses, 
and defense against insects (McConn et al., 1997) and necrotrophic pathogens 
(Thomma et al., 1999). There is evidence that the JAs 12-oxo-phytodienoic acid 
(OPDA), JA, and methyl-jasmonic acid (MeJA) act as active signaling molecules 
(Wasternack and Hause, 2013; Park et al., 2013). However it is now widely accepted 
that the main bioactive JAs is (+)-7-iso-Jasmonoyl-L-Isoleucine (Fonseca et al., 2009), 
which is perceived by the receptor CORONATINE INSENSITIVE1 (COI1; Fonseca et 
al., 2009; Katsir et al., 2008; Sheard et al., 2010). (+)-7-iso-JA-L-Ile (in short JA-Ile) is 
synthesized from (+)-7-iso-JA, which is produced by the octadecanoid pathway for JAs 
biosynthesis (Wasternack and Hause, 2013), by conjugation to Isoleucine by the 
enzyme JASMONATE RESISTANT1 (JAR1; Staswick and Tiryaki, 2004). 
 
 
The COI1 receptor and JAZ repressors control the activity of transcription 
factors 
 
To identify molecular components of JAs signal transduction, screenings for 
Arabidopsis mutants that are insensitive to (Me)JA or to coronatine (a bacterial toxin 
which is a structural and functional analogue of JA-Ile) or that show constitutive JAs 
responses have been performed (Lorenzo and Solano, 2005; Browse, 2009).  
The coi1 mutant was isolated in a screen for Arabidopsis mutants insensitive to 
root growth inhibition by coronatine (Feys et al., 1994).  The coi1 mutant is also 
insensitive to JAs (Feys et al., 1994), is defectiv in resistance to certain insects and 
pathogens and fails to express JAs-regulated genes (Turner et al., 2002). The COI1 
gene encodes an F-box protein (Xie et al., 1998). F-box proteins associate with cullin, 
Skp1 and Rbx1 proteins to form an E3 ubiquitin ligase known as the SCF complex, 
where the F-box subunit functions as the specificity determinant targeting proteins for 
ubiquitin-mediated proteolysis by the 26S proteasome (del Pozo and Estelle, 2000). 
Co-immunoprecipitation experiments showed that COI1 associates in vivo with Skp1, 
cullin and Rbx1 proteins to form the SCFCOI1 complex (Devoto et al., 2002; Xu et al., 
2002). Plants that are deficient in other components or regulators of SCF complexes, 
including AXR1, COP9 and SGT1b, also show impaired JAs responses (Lorenzo and 
Solano, 2005). COI1 is a component that is specific to the JA pathway, whereas SGT1b 
and AXR1 are shared by other signaling pathways.  
A particularly effective screen for JAs signaling mutants has been described by 
Lorenzo et al. (2004). Screening for mutants affected in JA-induced root growth 
inhibition in an ethylene-insensitive3 (ein3) background resulted in the identification of 
5 loci called JA-insensitive (JAI) 1-5. The JAI1 locus corresponds to the AtMYC2 gene 
(Lorenzo et al., 2004), encoding a basic-Helix-Loop-Helix (bHLH) transcription factor 
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which regulates a subset of JAs-responsive genes involved in wounding responses and 
resistance against insects (Boter et al., 2004; Lorenzo et al., 2004; Dombrecht et al., 
2007). Recombinant AtMYC2 binds in vitro to the G-box and related sequences (de 
Pater et al., 1997; Chini et al., 2007; Dombrecht et al., 2007). The JAI2 locus 
corresponds to the previously characterized JAR1 gene (Staswick et al., 1992), 
encoding an enzyme that couples JA to amino acids wth a preference for isoleucine 
(Staswick and Tiryaki, 2004). The JAI4 locus corresponds to the SGT1b gene (Lorenzo 
and Solano, 2005). The JAI5 locus corresponds to the COI1 gene (Lorenzo et al., 2004).  
The gene affected in the jai3 mutant encodes a protein with a zinc finger-like 
ZIM (Zinc-finger Inflorescence Meristem) motif (Chini et al., 2007). There are several 
related genes in Arabidopsis forming a gene family called ZIM or TIFY (Vanholme et 
al., 2007). The 12 members that are induced at the gene expression level by JAs are 
called Jasmonate ZIM domain (JAZ) proteins (Chini et al., 2007; Thines et al., 2007). 
They contain in addition to the highly conserved central ZIM domain a highly 
conserved C-terminal Jas domain and a less conserved N-t rminal region. In the jai3 
mutant an aberrant protein is expressed with a deletion of the C-terminal region 
including the Jas domain. The wild-type JAI3 (or JAZ3) protein is rapidly degraded in 
response to JAs in a COI1-dependent manner, whereas th  jai3 mutant protein is stable. 
JAI3/JAZ3 and the majority of the other JAZ proteins were shown to interact in vitro 
and in yeast with MYC2 (Chini et al., 2007; Chini et al., 2009; Chung and Howe, 2009) 
and the related bHLH transcription factors MYC3 and MYC4 (Fernandez-Calvo et al., 
2011; Niu et al., 2011). Based on these findings it was postulated that JAZ are 
repressors of MYC proteins which are rapidly degraded in response to JAs thereby 
activating MYCs (Figure 1). Indeed JAZ1 was shown to repress the activity of MYC2 
in a transient activation assay (Hou et al., 2010). JAZ can bind the general co-
repressors TOPLESS (TPL) and TPL-like proteins either directly (Shyu et al., 2012) or 
via the adaptor protein NOVEL INTERACTOR OF JAZ (NINJA; Pauwels et al., 2010). 
JAZ variants lacking effective Jas domains also occur naturally in Arabidopsis. For 
JAZ10.1, two more stable variants have been described which are translated from 
alternatively spliced mRNAs. JAZ10.3 misses a few amino acids at the C terminus, 
making it more stable in response to JAs (Chung and Howe, 2009), and therefore it has 
dominant-negative effects on JAs responses when overexpressed (Yan et al., 2007). 
The splice variant JAZ10.4 lacks the entire Jas domain, rendering it completely stable 
and turning it into a strong dominant-negative repressor when overexpressed (Chung 
and Howe, 2009). 
In independent studies, members of the JAZ gene family in Arabidopsis were 
characterized as being predominant among genes induced in anthers after 30 min of JA 
treatment (Mandaokar et al., 2006). Subsequent study of the family member JAZ1 
demonstrated that it is rapidly degraded in response to JA in a COI1-dependent manner 
(Thines et al., 2007). On the other hand a deletion derivative of JAZ1 lacking the C-
terminal region including the Jas domain is stable. Interestingly, these authors were 
able to detect interaction between JAZ1 and COI1 in a yeast two-hybrid assay in the 
presence of JA conjugated to Ile (JA-Ile) in the yeast growth medium or in an i vitro 
pull-down assay in the presence of JA-Ile (Thines et al., 2007). No interaction was 
detected in the presence of OPDA, JA, MeJA or JA conjugated to Trp or Phe, whereas 
JA-Leu was about 50-fold less effective in promoting teraction between COI1 and 
Chapter 1 
14 
JAZ1 than JA-Ile. JA-Ile and JA-Leu are products of the JAR1-mediated conjugation 
reaction (Staswick and Tiryaki, 2004). JA-Ile and coronatine were also shown to 
promote the interaction between JAZ3 and JAZ9 with COI1 in a yeast two-hybrid 
assay, whereas JA or MeJA are ineffective (Melotto e  al., 2008). The C-terminal 
regions containing the conserved Jas domain of tomato JAZ1 (Katsir et al., 2008) and 
Arabidopsis JAZ1, JAZ3, JAZ9 (Melotto et al., 2008) and JAZ10.1 (Chung and Howe, 
2009) were shown to be necessary for binding to COI1 in a JA-Ile or coronatine 
dependent manner. In addition it was shown that the Jas domains of tomato JAZ1 
(Katsir et al., 2008) and Arabidopsis JAZ1, JAZ3, and JAZ9 (Melotto et al., 2008) are 
sufficient for binding to COI1 in a JA-Ile or coronatine dependent manner. 
Using tomato SlCOI1 and SlJAZ1, it was shown that the complex binds 
radiolabeled coronatine (Katsir et al., 2008). Binding can be displaced with unlabeled 
coronatine or JA-Ile. Combined with the coronatine-dependent interaction between 
COI1 and JAZ proteins in yeast, these experiments provided strong evidence that COI1 
is the receptor for JA-Ile, as well as for the microbial JA-Ile mimic coronatine. In 
addition, inositol pentakisphosphate interacts with both COI1 and JAZ to form the JA 




Figure 1. Model for regulation of jasmonate-responsive gene xpression by 
MYC transcription factors and JAZ repressors. Although depicted as a single 
protein, COI1 forms part of the putative E3 ubiquitin ligase SCFCOI1. (a) In the 
absence of JA-Ile, a (hetero)dimer of JAZ proteins teracts with MYCs 
maintaining these transcription factors inactive. (b) JA-Ile promotes the 
interaction between JAZ and COI1. SCFCOI1 presumably causes the 
ubiquitination of JAZ resulting in degradation by the 26S proteasome. MYCs 
are liberated and activate transcription of target nes, including the genes 






Figure 2. Model for the role of transcription factors in the stress-responsive 
network involving the JAs and ET signaling pathways. Different types of biotic 
or abiotic stress, including wounding, attack by herbivorous insects and 
infection with necrotrophic pathogens, induce the synthesis of JA and related 
oxylipins. JAR1 converts JA into the biologically active JA-Ile. Some stress 
signals such as infection with necrotrophic pathogens simultaneously induce ET 
biosynthesis. JAs induce the expression of several genes encoding transcription 
factors, including ORA59, ERF1, MYC2/3/4 and bHLH3/1 14/17 via COI1, an 
F-box protein that is the receptor for JA-Ile. Binding of JA-Ile results in COI1-
mediated degradation of JAZ repressors via the ubiquitin/proteasome pathway, 
thereby releasing MYC2/3/4 and bHLH3/13/14/17 from repression. The bHLH-
type transcription factors MYC2/3/4 positively regulate the expression of 
wound-responsive genes (e.g. VSP). However, bHLH3/13/14/17 factors function 
as transcription repressors to antagonize the transc iption activators MYC2/3/4. 
The JAs and ET signals cooperate to induce the expression of genes encoding 
the AP2/ERF-domain transcription factors ORA59 and ERF1 depending on 
EIN3/EIL1. ORA59 is the key regulator of JAs/ET-responsive genes including 
PDF1.2, whereas the role of ERF1 in gene regulation remains unclear and 
awaits analysis of a knockout mutant (indicated by a dashed line and a question 
mark). 
 
The expression of the JAZ genes in Arabidopsis is induced by JA (Mandaokar et 
al., 2006; Chini et al., 2007; Thines et al., 2007; Yan et al., 2007) and is controlled by 
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MYC2 (Chini et al., 2007) and MYC3 and MYC4 (Fernandez-Calvo et al., 2011; Niu 
et al., 2011). The model is therefore that MYC and JAZ proteins form a JAs-responsive 
oscillator, where JAZ proteins negatively regulate MYC activity at the protein level, 
JAs cause JAZ degradation and MYC activation, and MYC switches on the expression 
of JAZ repressors at the gene level (Figure 2). Homo- and heterodimerization of JAZ 
proteins likely play important roles in MYC gene rep ssion and in the interaction with 
COI1 (Chini et al., 2009; Chung and Howe, 2009), although it remains to be formally 
proven that the complexes are dimers and not higher order complexes. Although there 
are some discrepancies in the two reports (Chini et al., 2009; Chung and Howe, 2009), 
it can be concluded that most JAZ proteins are ableto form homo- and heterodimers. 
Specific amino acids in the TIFY motif are important for dimer formation mediated by 
the ZIM domain (Chung and Howe, 2009). Interestingly, the dominant-negative effect 
of the naturally occurring splice variant JAZ10.4, which is stable due to the absence of 
the Jas domain, depends on a functional ZIM domain (Chung and Howe, 2009), which 
implies that the functional repressing unit is a JAZ (hetero)dimer. It has been reported 
that expression of the jai3 (JAZ3∆Jas) protein stabilizes other full-length JAZ proteins 
in trans (Chini et al., 2007). This phenomenon can be explained by assuming that the 
jai3 protein heterodimerizes with other JAZ proteins and thereby stabilizes them, 
although the molecular mechanism for such stabilization remains to be determined.  
More recently many transcription factors with a variety of different roles in 
regulating JAs-associated gene expression were shown to interact with members of the 
JAZ family. These include the R2R3-MYB transcription factors MYB21 and MYB24 
(Song et al., 2011), the bHLH transcription factors GL3, EGL3 and TT8 (Qi et al., 
2011), bHLH3/JAM3, bHLH13/JAM2, bHLH14 and bHLH17/JAM1 (Song et al., 
2013; Nakata et al., 2013; Sasaki-Sekimoto et al., 2013), ICE1 and ICE2 (Hu et al., 
2013), WRKY57 (Jiang et al., 2014), and the ET-respon ive transcription factors 
ETHYLENE-INSENSITIVE3 (EIN3) and EIN3-LIKE1 (EIL1) (Zhu et al., 2011). 
The picture that emerges for JAs signal transduction is highly reminiscent of 
auxin signal transduction. In the absence of auxin, auxin-responsive gene expression is 
inhibited by the action of Auxin/Indole-3-Acetic Acid (Aux/IAA) repressors which 
bind to ARF (Auxin Response Factor) transcriptional activators.  The F-box protein 
TRANSPORT INHIBITOR RESPONSE PROTEIN 1 (TIR1) is the auxin receptor 
(Kepinski and Leyser, 2005; Dharmasiri et al., 2005). Auxin acts as the molecular glue 
between TIR1 and Aux/IAA proteins (Tan et al., 2007), resulting in their ubiquitination 
(Maraschin et al., 2009) and degradation (Guilfoyle, 2007).  COI1 is the closest relative 
to TIR1 that is not related to auxin perception among the about 700 members of the 
Arabidopsis F-box protein family (Gagne et al., 200). 
 
 
The AP2/ERF-domain transcription factor ORA59 integrates JAs and ET 
signaling 
 
In Arabidopsis, the AP2/ERF-domain transcription factor family comprises 122 
members (Nakano et al., 2006). The expression of the AP2/ERF gene ORA59 is 
induced by JA or ET, and is synergistically induced by both hormones (Pré et al., 2008). 
Genome-wide microarray analysis showed that overexpression of the ORA59 gene 
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resulted in increased expression of a large number of JA- and ET-responsive defense 
genes, including PDF1.2. Plants overexpressing ORA59 were more resistant to 
infection by the necrotrophic fungus Botrytis cinerea.  
Plants overexpressing ERF1, a closely related member of the AP2/ERF-domain 
family, were also shown to have an elevated PDF1.2 expression level (Solano et al., 
1998; Lorenzo et al., 2003; Pré et al., 2008) and to be more resistant to B. cinerea 
(Berrocal-Lobo et al., 2002). Similar to ORA59 expression, the ERF1 gene is 
synergistically induced by JA and ET (Lorenzo et al., 2003). These similarities in gene 
expression patterns and in target gene sets, as well as the fact that they are close 
homologues in the AP2/ERF-domain family, suggest that ORA59 and ERF1 have 
redundant functions in JA and ET signal transduction. However, an essential role for 
ORA59 as an integrator of the JA and ET signals leading to regulation of defense genes 
was demonstrated with plants where the ORA59 gene was silenced via an RNAi 
approach (Pré et al., 2008). In response to JA and/or ET, or after infection with the 
necrotrophic fungi B. cinerea or Alternaria brassicicola, expression of PDF1.2 and 
other defense genes was blocked in ORA59-silenced plants. As expected from the 
dramatic effect on defense gene expression, the silenced plants were also more 
susceptible to B. cinerea infection. The results demonstrate that ORA59 integrates JA 
and ET signal inputs to coordinate the appropriate gene expression response directed 
against pathogen attack (Figure 2).  
The mediator complex is a large multiprotein complex that acts as a bridge 
between the RNA polymerase II complex and transcription factors, which is conserved 
in all eukaryotes ranging from yeast to man. In Arabidopsis, it contains six putative 
plant-specific mediator subunits (Bäckström et al.,2007). MEDIATOR25 (MED25) 
was first described as a positive regulator of shade voidance in Arabidopsis and was 
termed PHYTOCHROME AND FLOWERING TIME1 (PFT1) (Bäckström et al., 
2007).  Kidd et al. (2009) reported that MED25 acts as a positive regulator of JA 
signaling that regulates PDF1.2 gene expression during fungal pathogen infection. In 
addition, PDF1.2 showed reduced expression levels in pft1 mutants (Kidd et al., 2009). 
Recently, MED25 was shown to interact in v tro and in yeast with ERF1 and ORA59 
as well as with the master regulator MYC2 (Çevik et al., 2012). Transactivation assays 
and microarray data analysis showed that MED25 is requi ed for the ORA59 and 
ERF1-dependent activation of PDF1.2. Interestingly, ORA59 expression was found to 
be attenuated in med25 mutant plants after either mock or Fusarium oxysporum 
infection compared to wild type plants. In contrast, ERF1 expression showed no 
significant difference in wild-type or med25 mutant plants (Çevik et al., 2012). Yeast 
one-hybrid (Y1H) assays showed that ERF1 and ORA59 bind to the ORA59 promoter 
depending on a GCC box located between nucleotides -369 and -363 up-stream of the 
translation start site (Çevik et al., 2012). JAZ proteins can interact with two ET-
stabilized transcription factors (EIN3 and EIL1) torepress EIN3/EIL1-dependent 
activation of ERF1 and ORA59 (Zhu et al., 2011). Based on these findings it seems that 
ERF1 could be a key integration node in JA/ET mediat  plant defense response. 
However as argued above, ORA59 is crucial for JAs/ET-responsive gene expression. 
Therefore it is more likely that ERF1 is a dispensable transcription factor that is on an 
evolutionary track to become obsolete. This is supported by the observation that 
overexpression of ERF1 has no effect on ORA59 expression, although it does switch on 
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PDF1.2 expression (Pré, 2006). Another more likely explanation for the observations 
of Zhu et al. (2011) is that EIN3/EIL1 also bind to the ORA59 promoter. The final 
verdict on the exact role of ERF1 awaits analysis of erf1 knock-out mutants. 
 
 
JAZ function in JAs-GA crosstalk 
 
Bioactive gibberellins (GAs) are tetracyclic diterpnoid phytohormones that 
modulate many different aspects of plant growth anddevelopment, and environmental 
responses (reviewed by Sun, 2011; Hauvermale et al., 2012). GA was originally 
identified as the substance secreted by the necrotrophic fungus Gibberella fujikuroi that 
caused ‘foolish seedling’ disease in rice plants reulting in abnormally long stems 
(Kurosawa, 1926; Yabuta and Sumiki, 1938; Navarro et al., 2008). Several components 
of the GA signal perception and transduction pathway h ve been described. Bioactive 
GA is perceived by the GID1 (GA-INSENSITIVE DWARF1) receptor (Ueguchi-
Tanaka et al., 2005; Nakajima et al., 2006). The GA- ID1 complex then interacts with 
DELLA (Asp-Glu-Leu-Leu-Ala) proteins, which promotes their binding affinity to the 
F-box subunit SLY1/GID2 of the putative E3 ubiquitin l gase SCF complex (Sasaki et 
al., 2003; Dill et al., 2001; Dill et al., 2004; Gomi et al., 2004; Ueguchi-Tanaka et al., 
2005; Murase et al., 2008). DELLAs are then degraded by the 26S proteasome 
complex, resulting in activation of GA-responsive genes (Silverstone et al., 2001; Dill 
et al., 2004; Gomi et al., 2004). The DELLA protein family in Arabidopsis contains 5 
members including GAI (GA-insensitive), RGA (Repressor of ga1-3), RGL1 (RGA-
Like 1), RGL2, and RGL3 (Lee et al., 2002; Peng et al., 1997; Silverstone et al., 1998; 
Wen and Chang, 2002). DELLA proteins localized in the nucleus act as negative 
regulators of GA signaling (Dill et al., 2001). However, DELLA proteins do not have a 
DNA-binding domain, suggesting that DELLA function as co-activators or co-
repressors by associating with other transcription factors (Zentella et al., 2007). The 
‘relief of repression’ model proposes that GA promotes plant growth and development 
via the degradation of DELLA proteins which function as co-activators or co-
repressors interacting with multiple targets that control gene transcription (Zentella et 
al., 2007; Harberd et al., 2009; Hou et al., 2010; Sun, 2011; Hauvermale et al., 2012).  
Interestingly, DELLAs physically interact with JAZ proteins, thereby 
attenuating their ability to inhibit MYC2 activity (Hou et al., 2010). In addition, MYC2 
activates RGL3 gene expression through a G-box-like motif (CACATG), and then the 
accumulated RGL3 protein interacts with JAZ, which n turn further enhances the 
expression of JAs-responsive genes involved in defens  against wounding and insect 
herbivores (Wild et al., 2012). Recently, it was shown that the DELLA protein RGA 
interacts with MYC2 and repressed the expression of the sesquiterpene synthase genes 
TPS11 and TPS21 which are directly regulated by MYC2 through interaction with an 
E-box element (CATATG) (Hong et al., 2012).  
Previous studies in Arabidopsis show that DELLAs promote resistance to 
necrotrophs partly by altering JAs signaling (Navarro et al., 2008). The gibberellic 
acid-insensitive (gai) mutant expresses a mutant gai protein that lacks the DELLA 
domain and has a GA-insensitive dwarf phenotype. The gai mutant displayed earlier 
and stronger PDF1.2 mRNA induction upon infection with the necrotrophic fungus A. 
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brassicicola (Navarro et al., 2008). In addition, the quadruple-DELLA mutant 
(gai/rga/rgl1/rgl2) showed delayed PDF1.2 gene expression and was more susceptible 
to the B. cinerea and A. brassicicola compared to wild type plants (Navarro et al., 
2008). This shows that DELLAs also modulate the JAs/ET mediated plant defense 






The activity of MYC-type bHLH transcriptional activators is controlled by JAZ 
proteins, which act as repressors (Chini et al., 2007; Hou et al., 2011; Fernandez-Calvo 
et al., 2011; Niu et al., 2011; Qi et al., 2011; Hu et al., 2013). The bioactive JAs (+)-7-
iso-JA-L-Ile promotes the interaction between JAZ proteins and the putative ubiquitin 
ligase complex SCFCOI1 (Fonseca et al., 2009; Sheard et al., 2010), presumably leading 
to ubiquitination of JAZ proteins and resulting in their degradation by the 26S 
proteasome. The question remains whether and how the JAs/ET-responsive 
transcription factor ORA59 is activated by JAs in a COI1-dependent manner. It is 
conceivable that JA-Ile or other biologically active JAs enhance binding between COI1 
and hitherto unidentified labile repressors distinct from the JAZ proteins. Alternatively 
and more likely, adaptor proteins may mediate the int raction between members of the 





JAs are plant signaling molecules that play important roles in defense against 
wounding, insects and necrotrophic pathogens. Depending on the stress situation and 
on the simultaneous induction of ET and SA biosynthesis, JAs induce the expression of 
specific subsets of genes encoding defense-related proteins and/or enzymes involved in 
biosynthesis of protective secondary metabolites. Many aspects concerning the mode of 
action of JAs on the regulation of gene expression are poorly understood. Several 
transcription factors involved in JAs-responsive gene xpression have been identified, 
including ORA59 and MYCs. Identification of the mechanisms whereby these 
transcription factors are activated by JAs at the protein level and of the interaction 
between these transcription factors is of major importance to understand how JAs acts. 
The studies described in this thesis are focused on the molecular mechanisms 
that regulate the JAs/ET-responsive transcription factor ORA59 at the protein level in 
Arabidopsis.  
 
Chapter 2 describes how ORA59 is regulated by JAs at the protein level. Yeast two-
hybrid (Y2H) screening led to the identification of the ORA59-interacting CCCH zinc 
finger proteins ZFAR1 and ZFAR2. Y2H and Bimolecular Fluorescence 
Complementation (BiFC) assays showed that ZFAR1 and ZFAR2 interact with JAZ1. 
JAZ1 was recruited by the ZFAR adaptor proteins to repress ORA59 activity in 
Arabidopsis protoplast trans-activation assays. Consistent with their roles as negative 
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regulators of ORA59, jaz1 and zfar1/zfar2 mutant plants were less susceptible to 
infection with B. cinerea. 
 
Chapter 3 describes how JAs/ET and GA signaling pathways crostalk. It shows that 
DELLAs directly interact with ZFAR1, ZFAR2, and JAZ1. In Arabidopsis protoplast 
trans-activation assays, DELLAs prevented the inhibitory JAZ1-ZFAR interaction with 
ORA59, and thereby enhanced ORA59 activity. In vitro competitive pull-down assay 
reveals that DELLAs could facilitate releasing ORA59 from ORA59/ZFAR/JAZ 
complex through competing with the binding of ORA59 to ZFAR and ZFAR to JAZ1. 
Transgenic plants overexpressing the DELLA proteins RGA or GAI showed increased 
resistance against B. cinerea. Taken together the results indicate that DELLAs act as 
positive regulators of ORA59 to modulate resistance against necrotrophic pathogens. 
 
Chapter 4 describes a characterization of the novel interacto  of JAZ proteins JAM1. 
Y2H and BiFC assays howed that JAZ5, JAZ6, JAZ7, JAZ8, JAZ10 and JAZ11 
interacted with the MYC-related transcription factor JAM1. In Arabidopsis protoplast 
trans-activation assays, JAM1 functioned as a repressor of PDF1.2 promoter activity, 
and JAZ proteins further increased the repression activity of JAM1. The results indicate 
that JAZ proteins act as co-repressors to modulate the activity of the transcription 
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Jasmonates (JAs) are plant hormones that regulate defense against microbial 
pathogens and insect herbivores via two antagonistic branches of the JAs signaling 
pathway leading to activation of distinct sets of de ense genes. In Arabidopsis thaliana 
defense against herbivores is regulated by JAs alone which act via the receptor 
CORONATINE-INSENSITIVE1 (COI1) to cause degradation of Jasmonate-ZIM (JAZ) 
repressors thereby leading to activation of the immediate-early basic helix-loop-helix 
transcription factors MYC2, MYC3 and MYC4. In defense against microbial 
pathogens, JAs synergize with the defense hormone ethylene (ET). The 
APETALA2/Ethylene Response Factor (AP2/ERF)-domain tra scription factor ORA59 
integrates the JAs/ET signaling pathways and regulates resistance against necrotrophic 
pathogens such as the fungus Botrytis cinerea. We show here that ORA59 is an 
immediate-early JAs/ET-responsive transcription factor. In search for ORA59-
interacting proteins we found the CCCH zinc finger proteins ZFAR1 and ZFAR2, 
which in turn interacted with the JAs-responsive repressor JAZ1 to repress ORA59 
activity. T-DNA knockout mutants zfar1zfar2 or jaz1 were less severely affected than 
wild-type plants by Botrytis infection. In conclusion we demonstrate that the JAs 
receptor COI1 and the repressor JAZ1 control defens against necrotrophic pathogens 
at the transcriptional level by directly acting on ORA59 protein via the ZFAR adaptor 
proteins. Thereby we provide a unifying model for the role of the JAZ repressors in the 



























In natural environments plants are continuously exposed to many forms of biotic 
stress, including pathogen and herbivore attack, and abiotic stress, such as adverse light, 
water, temperature, nutrient or salt conditions. Plant survival is determined by the 
ability to perceive external signals and to build up highly adapted responses in a timely 
manner, mostly by switching on the expression of appro riate sets of genes.  
The secondary signalling molecules jasmonates (JAs), ethylene (ET) and 
salicylic acid (SA) are the main endogenous molecules regulating defense responses to 
biotic stresses in plants (Pieterse et al., 2009). SA-dependent defense is active against 
pathogens with a biotrophic lifestyle (Glazebrook, 2005).  Defense against necrotrophic 
pathogens and insect herbivores is regulated via two antagonistic branches of the JAs 
signaling pathway leading to activation of distinct sets of defense genes (Memelink, 
2009).  
In Arabidopsis thaliana the bioactive amino acid conjugate jasmonate-
isoleucine (Fonseca et al., 2009) binds to the receptor CORONATINE-INSENSITIVE1 
(COI1; Sheard et al., 2010), which is the F-box subunit of an SCF-type putative E3 
ubiquitin ligase initiating degradation of Jasmonate-ZIM (JAZ) repressors (Chini et al., 
2007; Thines et al., 2007). JAZ family members repress a variety of transcription 
factors (De Geyter et al., 2012) via recruitment of TOPLESS (TPL) co-repressors 
either by direct binding (Shyu et al., 2012) or via the adaptor NOVEL INTERACTOR 
OF JAZ (NINJA; Pauwels et al., 2010).  
The herbivore branch of JAs-dependent defense is controlled by the positively 
acting transcription factors MYC2, MYC3 and MYC4 (Lorenzo et al., 2004; Cheng et 
al., 2011; Fernandez-Calvo et al., 2011; Niu et al., 2011) and the negatively acting 
JAM1, JAM2 and JAM3 (Nakata et al., 2013; Sasaki-Sekimoto et al., 2013). These 
basic helix-loop-helix (bHLH) transcription factors interact directly with JAZ family 
members and are therefore immediate-early JAs-responsive regulators.  
In defense against necrotrophic pathogens, JAs synergize with ET. The 
APETALA2/Ethylene Response Factor (AP2/ERF)-domain tra scription factor ORA59 
integrates the JAs/ET signaling pathways and regulates resistance against necrotrophic 
pathogens such as the fungus Botrytis cinerea (Pré et al., 2008). ORA59 is thought to 
be synthesized de novo after induction of ORA59 gene expression via the related ET-
responsive transcription factors ETHYLENE-INSENSITIVE3 (EIN3) and EIN3-
LIKE1 (EIL1; Zhu et al., 2011). JAs are thought to c ntrol ORA59 activity indirectly 
by acting on JAZ family members that repress EIN3/EIL3 (Zhu et al., 2011).  
Although JAs and ET are thought to regulate response genes via induction of 
ORA59 at the gene expression level, there are indications that the activity of ORA59 is 
also regulated at the protein level (van der Does et al., 2013), probably via interaction 
with regulatory proteins. Therefore we set out to identify proteins that interact with 
ORA59 to regulate its activity. 
We show evidence that pre-existing ORA59 is activated by JAs/ET signaling. 
We identified the ORA59-interacting proteins ZFAR1 and ZFAR2, which in turn 
interacted with JAZ1 to repress ORA59 activity. T-DNA knockout mutants zfar1zfar2 
or jaz1 were less severely affected than wild-type plants by Botrytis infection. We 
conclude that in the pathogen branch of JAs signaling the receptor COI1 and the 
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repressor JAZ1 control defense against necrotrophic athogens by directly acting on 





The GCC box confers immediate-early JAs-responsive gene expression  
 
As a first step, we searched for an indication that JAs induce PDF1.2 gene 
expression by activating the transcription factor ORA59 at the protein level, for 
example via covalent modifications or protein-protein interactions. Therefore we 
determined whether PDF1.2 is a primary JA-responsive gene. Primary response genes 
generally do not require de novo protein synthesis, because the signal activates pre-
existing regulatory proteins including transcription factors active in the signal 
transduction pathway (Pauw and Memelink, 2005). Fourteen-days old seedlings were 
treated with JA alone or in combination with the ethylene-releasing compound 
ethephon in the absence or presence of the protein synthesis inhibitor cycloheximide 
(CHX). As shown in Figure 1, PDF1.2 expression was induced by JA alone and 
superinduced by JA and ethephon consistent with previous reports (Penninckx et al., 
1998; Lorenzo et al., 2003: Pré et al., 2008; Zarei et al., 2011). In agreement with a 
previous report (Dombrecht et al., 2007), CHX completely abolished this response, 
indicating that the expression of PDF1.2 in response to JA and ethephon requires de 
novo protein synthesis. PDF1.2 is therefore not an immediate-early response gene. 
ORA59 on the other hand is an immediate-early response gen , since its expression in 
response to JA or JA/ethephon treatment was not negativ ly affected by CHX. In fact 
CHX alone induced ORA59 mRNA accumulation, and in combination with JA or 
JA/ethephon superinduction of mRNA accumulation was ob erved. (Super)-induction 
by CHX is commonly observed with immediate-early response genes in mammalian 
cells (Edwards and Mahadevan, 1992), and is usually attributed to decreased mRNA 
degradation. 
The promoter of the PDF1.2 gene probably contains multiple sequences that are 
essential for its activity. If any of these sequences interact with a transcription factor 
that requires de novo protein synthesis, it would be a target for the inhibitory action of 
CHX. The minimal module which can support JAs/ethephon-responsive expression, 
which responds to ORA59 and which probably does not require any other gene-specific 
transcription factors is a tetramer of the GCC box of the PDF1.2 promoter (positions -
262 to -257 relative to the start site of transcription) fused to the TATA box of the 
CaMV 35S promoter (Zarei et al., 2011). Therefore we studied the effect of CHX on 
this minimal promoter to determine whether ORA59 could be an immediate-early 
transcription factor. As shown in Figure 1A, a GUS gene driven by the SF (short 
fragment, -278 to +48) PDF1.2 promoter derivative (Zarei et al., 2011) behaved the 
same as the PDF1.2 gene and therefore is not an immediate-early response gene. 
However, a GUS gene driven by a tetramer of the GCC box behaved th  same as the 
ORA59 gene (Fig. 1B), and therefore is an immediate-early response gene. Since the 
PDF1.2 gene is activated by JA/ET via ORA59 (Pré et al., 2008), these results indicate 






Figure 1. The GCC box confers immediate-early JA-responsive gene expression. 
Fourteen-days old seedlings of transgenic lines containi g (a) the PDF1.2 
promoter derivative SF fused to GUS or (b) a tetramer of the GCC box fused to 
the TATA box of the CaMV 35S promoter and GUS were treated with JA alone 
or in combination with the ethylene-releasing agent ethephon (E) in the presence 
or absence of cycloheximide (CHX) for the number of hrs indicated at the top. 
Controls (C) were treated with the solvents. All panels hybridized with the same 
probe were on the same blot and exposed to film for the same time, therefore 
signal intensities can be directly compared. The etidium bromide stained gel is 
shown as a control for RNA loading (RNA). 
 
Identification of CCCH zinc-finger proteins that interact with ORA59 
 
To identify proteins that interact with ORA59, yeast two-hybrid screenings were 
performed. Expression of full-length ORA59 (244 aa)fused to the GAL4 DNA-binding 
domain (BD) in the vector pAS2.1 auto-activated theexpression of the Histidine 
selection gene in yeast strain PJ69-4A (not shown). Auto-activation is a frequently 
occurring problem with transcription factor baits and can be circumvented by removal 
of the activation domain. A deletion derivative of ORA59 lacking 80 N-terminal amino 
acids (ORA59 81-244) showed weak auto-activation that could be suppressed by the 
addition of 15-20 mM 3-AT in the medium (not shown). With this bait 7.1 x 105 and 
2.9 x 105 yeast transformants obtained with two Arabidopsis cDNA libraries generated 
from ecotype Col-0 seedlings treated with JA and ET or from untreated above-ground 
parts of mature ecotype Landsberg erecta (Ler) plants in the vectors pAD-GAL4-2.1 or 
pACT2, respectively, were screened, resulting in 58 and 21 colonies that were able to 
grow on medium lacking histidine. Recovered prey plasmids were re-transformed and 
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three plasmids from each library conferred growth on selective medium. From these 
candidate ORA59 interactors, only one cDNA sequence, retrieved from the library of 
untreated Ler plants, was in frame with the GAL4 activ tion domain (not shown). This 
plasmid contained a full-length cDNA encoding the protein named ZFAR1 (At2g40140) 
in Col-0. Sequence comparison between the two ecotypes revealed three nucleotide 




Figure 2. ORA59 interacts with ZFAR in yeast. (a) Schematic overview of 
ZFAR1 and ZFAR2 proteins, which contain two ankyrin-repeat (ANK) domains, 
two CCCH3 zinc finger (ZF) motifs and putative nuclear export signals (NES). 
(b) ZFAR1 shares high amino acid identity with ZFAR2. Phylogenetic tree of 
CCCH zinc finger proteins with two tandem ankyrin repeats from Arabidopsis. 
The unrooted neighbor-joining tree was constructed using full-length amino acid 
sequences aligned by ClustalW. (c) ORA59 interacts with ZFAR1 and ZFAR2 
in yeast. Yeast cells expressing ORA59 81-244 fused to the GAL4 binding 
domain (BD) and ZFAR1 or ZFAR2 fused to the GAL4 activation domain (AD) 
were spotted on minimal (-2 = -LW) or selective SD medium (-3 = -HLW) with 
10 mM 3-AT and growth was monitored after 7 days. Yeast transformed with 
the empty plasmids pAS2.1 and pACT2, expressing GAL4 BD and AD, 
respectively, were used as control.  
 
ZFAR1 is a CCCH zinc finger protein of 597 amino acids which contains two 
tandem zinc finger (ZF) motifs in the middle of the protein and two ankyrin repeat 
domains in the N-terminal region (Figure 2a). Phylogenetic analysis of the CCCH zinc 
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finger family of Arabidopsis (Wang et al., 2008a) showed that ZFAR1 belongs to a 
subgroup which includes four other proteins with two CCCH-type zinc finger motifs 
(C-X7-C-X5-C-X3-H and C-X5-C-X4-C-X3-H)  and two ankyrin repeat domains. The 
highest amino acid identity is shared with At3g55980 (AtC3H47), subsequently called 
ZFAR2 (Figure 2a), with an overall identity of 70% (Figure 2b). The close similarity 
suggested that ORA59 could interact with both ZFAR proteins and indeed this was 




Figure 3. ORA59 interacts with ZFAR in planta. (a) GFP and GFP fusions with 
ZFAR were transformed to Arabidopsis cell suspension protoplasts and 
examined by confocal laser scanning microscopy. (b) YFP fluorescence, bright 
field (DIC) and merged images of Arabidopsis cell suspension protoplasts co-
transformed with constructs encoding the indicated fusion proteins with YFP at 
the C-terminus (YC) or the N-terminus (YN). Scale bar = 10 µm. 
 
ORA59 interacts with ZFAR1 and ZFAR2 in planta 
  
Localization of ZFAR1 and ZFAR2 fused to the green fluorescent protein (GFP) 
was analyzed in Arabidopsis cell suspension protoplasts. ZFAR1 and ZFAR2 have no 
predicted nuclear localization signals (NLS). ZFAR1 contains N- and C-terminal 
putative Nuclear Exclusion Signals (NES) whereas ZFAR2 contains one C-terminal 
putative NES (Wang et al., 2008b). N- and C-terminal fusions of ZFAR1 with GFP 
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were found both in the cytoplasm and in the nucleus of Arabidopsis protoplasts, similar 
to GFP alone (Figure 3a). The ZFAR1-GFP signal was homogeneously distributed in 
some cells, but it was most often observed in cytosolic spots or in a combination of 
both. Although the spots were smaller and were found less frequently than with ZFAR1, 
similar subcellular localization was observed for the ZFAR2-GFP fusion (Figure 3a). 
To confirm the interaction of ORA59 with ZFAR proteins in planta, a 
Bimolecular Fluorescence Complementation (BiFC) assay was employed. The N-
terminal (YN) or C-terminal (YC) parts of the yellow fluorescent protein (YFP) were 
fused either N-terminally or C-terminally with ORA59 and ZFAR. The constructs were 
transiently co-expressed in Arabidopsis suspension cell protoplasts in all possible 
combinations of YN and YC fusion pairs with the unfsed YFP parts as negative 
controls. Reconstitution of a fluorescing YFP chromophore occurred only upon co-
expression of certain combinations of fusion proteins. The YFP signal was detected in 
the cytoplasm of Arabidopsis protoplasts co-transformed with YN-ORA59 and ZFAR-
YC (Figure 3b). Combinations of ORA59-YC and YN-ZFAR, or YC-ORA59 and 
ZFAR-YN also resulted in YFP fluorescence (not shown). Cells transfected with single 
plasmids and any combination of empty YFP vectors produced no or only background 
fluorescence. No YFP signal could be detected when t  co-transfected proteins were 
both N-terminal or both C-terminal YFP fusions (not shown). These results 
demonstrate that ORA59 can interact with ZFAR1 and ZFAR2 in the cytoplasm of 
plant cells.  
 
ZFAR1 CCCH zinc fingers interact with the C-terminal part of ORA59 
 
To determine the interaction domains of ORA59 and ZFAR1, ORA59 deletion 
derivatives (81-244, 81-180 and 81-139) were fused to the GAL4 DNA-binding 
domain of pAS2.1 and the ZFAR derivatives were fused to the GAL4 activation 
domain of pACT2. Co-expression of BD-ORA59 81-244, 81-180 and 81-139 with full-
length ZFAR1 or ZFAR2 fused to AD in yeast cells indicated that the 64 C-terminal 
amino acids of ORA59 were necessary for the interacion with ZFAR proteins (Figure 
4a). Co-expression of BD-ORA59 81-244 with AD-ZFAR1 deletion derivatives ∆1-∆5 
revealed that the zinc finger motifs of ZFAR1 were n cessary and sufficient for 
interaction with ORA59 (Figure 4b). 
 
ZFAR repress activation of PDF1.2 promoter activity by ORA59 
 
In order to elucidate the functional significance of the interaction between ZFAR 
proteins and ORA59, trans-activation assays were peformed. Co-transformation of 
Arabidopsis protoplasts with a PDF1.2 promoter-GUS reporter construct and an 
effector plasmid carrying ORA59 fused to the CaMV 35S promoter in resulted in strong 
activation of around 10-fold (Figure 5). Addition of ZFAR effector plasmids separately 
(Figure 6) or combined (Figures 5 and 6) resulted in a dose-dependent (not shown) 
repression of PDF1.2 promoter activity. ZFAR proteins did not have a significant 
effect on the activity of MYC2, an unrelated transcription factor involved in JAs-
responsive gene expression, whereas the known MYC2 repressor JAZ1 had a strong 






Figure 4. The zinc finger motifs of ZFAR1 interact with the C-terminal region 
of ORA59. (a) Yeast cells expressing the indicated ORA59 deletion derivatives 
fused to GAL4BD and ZFAR1 or ZFAR2 fused to GAL4AD. (b) Yeast cells 
expressing ORA59 truncated version 81-244 fused to GAL4BD and ZFAR1 
derivatives or full-length ZFAR2 fused to GAL4AD. Yeast suspensions were 
spotted on minimal (-2 = -LW) or selective SD medium (-3 = -HLW) with 10 
mM 3-AT and growth was monitored after 7 days. Yeast transformed with the 
empty plasmids pAS2.1 and pACT2, expressing GAL4 BD and AD, 
respectively, were used as control.  
 
ZFAR gene expression or protein stability is not affected by JAs 
 
            The repressive effect of ZFAR proteins suggested that they could act similarly 
to JAZ repressors. JAZ repressors act as switches in JAs-responsive gene expression 
due to their JAs-stimulated degradation via the action of the JAs-receptor COI1 (Chini 
et al., 2007; Thines et al., 2007). They repress their own gene expression in a negative 
ZFAR and JAZ1 repress ORA59 activity 
37 
feedback loop presumably to ensure rapid re-establihment of the uninduced state 




Figure 5. ZFAR proteins and JAZ1 co-repress ORA59 activity. (a) Arabidopsis 
cell suspension protoplasts were co-transformed with plasmids carrying 
PDF1.2:GUS and 35S overexpression vectors containing ORA59, ZFAR and 
JAZ1 as indicated. (b) ZFAR proteins do not affect MYC2 activity. Arabidopsis 
cell suspension protoplasts were co-transformed with plasmids carrying 
4D:GUS and 35S overexpression vectors containing MYC2, ZFAR and JAZ1 as 
indicated. Protein concentrations were used to corre t for differences in protein 
extraction efficiencies. Values represent means ± SE of triplicate experiments.  
 
Therefore we investigated ZFAR gene expression and protein stability in 
response to JA. As shown in Figure 7a, ZFAR1 and ZFAR2 gene expression was not 
affected by treatments with JA or the ET-releasing agent ethephon. However, a modest 
induction was observed after SA treatment. Simultaneous treatment with JA did not 
affect the weak SA-induced gene expression. 
To study protein stability, plasmids expressing HA-tagged ZFAR proteins 
were co-expressed in Arabidopsis protoplasts with HA-tagged GFP or JAZ1 and 
proteins were extracted after treatments with JA, ethephon or the solvent DMSO. As 
shown in Figure 7b, ZFAR protein amount was not affected by JA or ethephon 
treatment. In contrast JA had a strong negative effct on the amount of JAZ1 repressor 
protein. 
 
ZFAR proteins bind with their zinc finger to the JAZ1 repressor 
 
The observation that ZFAR proteins behaved different from JAZ proteins, 
although both functioned as repressors, suggested that ZFAR proteins functioned as 
adaptors that connected ORA59 to one or more members of the JAZ repressor family. 
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As a first step to test this hypothesis, interaction between all members of the JAZ 
family and the ZFAR proteins was tested in yeast two-hybrid assays. As shown in 
Figure 8, MYC2 interacted with all members of the JAZ family except JAZ4 and JAZ7 
as reported before (Chini et al., 2009). Interestingly, ZFAR1 and ZFAR2 only 




Figure 6. Both ZFAR proteins are required together with JAZ1 for co-
repression of ORA59 activity. Arabidopsis cell suspension protoplasts were co-
transformed with plasmids carrying PDF1.2:GUS and 35S overexpression 
vectors containing ORA59, ZFAR and JAZ1 as indicated. Protein concentrations 
were used to correct for differences in protein extraction efficiencies. Values 
represent means ± SE of triplicate experiments. 
 
 To confirm the interaction in planta via BiFC, split YFP fusions were co-
expressed in Arabidopsis protoplasts. Interaction between ZFAR proteins and JAZ1 
was visible in the nucleus, similar to the interaction between MYC2 and JAZ1 (Figure 
9a). ZFAR1 and ZFAR2 also formed homo- and heterodimers (Figure 9b). This 
interaction was mostly visible in the cytoplasm of Arabidopsis protoplasts. 
 Next we tested which domains were involved in the int ractions. Yeast two-
hybrid assays showed that the CCCH zinc finger domain of ZFAR1 was necessary and 
sufficient for interaction with JAZ1 (Figure 10a). The ZFAR1 zinc finger domain was 
also sufficient for interaction with ZFAR1 or ZFAR2, but in addition the C-terminal 
domain of ZFAR1 was also sufficient to support interaction with either ZFAR protein 
(Figure 10b). Interaction domain analysis for JAZ1 showed that a large part of the 
protein including the ZIM and the Jas domain were necessary for interaction with either 
ZFAR protein (Figure 11). 
 
ZFAR proteins are adaptors connecting ORA59 to the JAZ1 repressor 
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Binding of ZFAR proteins to ORA59 on the one hand a to JAZ1 on the other 
hand supported a role as adaptors for the ZFAR proteins. To directly show that the 
proteins can form a multimeric complex in vivo, we set up a bridge yeast three-hybrid 
bridge assay, where JAZ1 fused to the GAL4 AD was co-expressed with ORA59 fused 
to the GAL4 BD and with unfused ZFAR1 or ZFAR2. The results show that either 
ZFAR protein was able to function as an adaptor bridging the interaction between 
ORA59 and JAZ1 (Figure 12). The results also show that ORA59 did not directly 




Figure 7. ZFAR gene expression and protein stability are not affected by JA. (a) 
Northern blot analysis of indicated genes in 14-days old Arabidopsis Col-0 
seedlings treated with mock solution, 50 µM jasmonic acid (JA), 1 mM 
ethephon (E) or 1 mM salicylic acid (SA) alone or in combinations, for the 
number of hrs indicated. ROC mRNA levels serve as a control for RNA loading 
and specificity of treatments. (b) ZFAR1 protein stability is not affected by JA. 
Arabidopsis cell suspension protoplasts were co-transformed with plasmids 
expressing HA-tagged ZFAR and JAZ1 or GFP as indicated. After transfection 
cells were treated for 4 hours with 50 µM jasmonic acid (JA), 1 mM ethephon 
(E) or mock solution, and proteins were extracted an  separated by SDS-PAGE, 







Figure 8. ZFAR proteins only interact with JAZ1. Yeast cells expressed the 
indicated JAZ family members fused to GAL4BD and ZFAR1, ZFAR2 or 
MYC2 fused to GAL4AD. Yeast suspensions were spotted on minimal (-2 = -
LW) or selective SD medium (-3 = -HLW) with 10 mM 3-AT and growth was 
monitored after 7 days. Yeast transformed with the empty plasmids pAS2.1 and 
pACT2, expressing GAL4 BD and AD, respectively, were used as control. 
 
 JAZ1 interacts with NINJA, which acts as an adaptor to bridge the interaction 
with the co-repressor TOPLESS (TPL) (Pauwels et al., 2010). Some JAZ are able to 
directly interact with TPL (Shyu et al., 2012). We tested whether ZFAR would be able 
to directly interact with NINJA or with TPL, and the results showed they were not able 
to do so (Figure 13). The results also showed that MYC2 did not interact with the 
ZFAR proteins. Altogether the yeast two-hybrid results suggest the possibility of the 
formation of a multimeric protein complex consisting of ORA59, ZFAR1, ZFAR2, 
JAZ1, NINJA and TPL. 
 To functionally test the interaction between ORA59, ZFAR and JAZ1, trans-
activation assays were performed. Co-expression of JAZ1 had a dose-dependent 
negative effect on ORA59 activity (Figure 14). With an amount of JAZ1 plasmid that 
had by itself no negative effect on ORA59 activity an additional negative effect in the 
presence of ZFAR1 and ZFAR2 was observed (Figure 5). The negative effect of JAZ1 
was not observed with either ZFAR alone (Figure 6), suggesting that a tetrameric 
complex between ORA59, ZFAR1, ZFAR2 and JAZ1 is necessary for full repression. 
ZFAR proteins had no additional negative effect on he repression of MYC2 activity by 
JAZ1 (Figure 5). Under these experimental conditions ZFAR together with JAZ1 had a 
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similar negative effect of about 4- to 5-fold on ORA59 activity as JAZ1 alone had on 
MYC2 activity (Figure 5). The negative effect of hig  JAZ1 levels on ORA59 activity 
was not observed in the zfar1zfar2 double knockout mutant (Figure 15), indicating that 
the negative effect of exogenous JAZ1 alone was mediated by endogenous ZFAR 
proteins serving as adaptors. Likewise we assume that the negative effect of ZFAR 
proteins on ORA59 activity without co-expression of JAZ1 is due to the endogenous 
JAZ1 level. Co-expression of a C-terminal deletion derivative of JAZ1 lacking the Jas 
domain did not lead to an additional negative effect on ORA59 activity (Figure 16), 
consistent with its inability to interact with ZFAR proteins in yeast and therefore 
corroborating the notion that JAZ1 exerts its negative effect via interaction with ZFAR. 
The JAZ1∆C derivative was fully active as a repressor of MYC2 activity consistent 




Figure 9. ZFAR interact with each other and with JAZ1 in planta. (a, b) YFP 
fluorescence and merged bright field/fluorescence images of Arabidopsis cell 
suspension protoplasts co-transformed with construct  encoding the indicated 
fusion proteins with YFP at the C-terminus (YC) or the N-terminus (YN). Scale 
bar = 10 µm. 
 
ZFAR and JAZ1 repress resistance against the necrotrophic fungus Botrytis 
cinerea 
 
ORA59 is a crucial regulator of resistance against the necrotrophic fungus B. 
cinerea (Pré et al., 2008). Our results from trans-activation assays indicated that ZFAR 
and JAZ1 are negative regulators of ORA59. Therefore we wanted to functionally test 
the role of these proteins in Botrytis resistance.  




                    
 
           
 
Figure 10. Mapping of ZFAR protein interaction domains. (a) The CCCH ZF 
domain interacts with JAZ1. Yeast cells expressed the indicated ZFAR 
derivatives fused to GAL4AD and JAZ1 fused to GAL4BD. (b) The CCCH ZF 
and the C-terminal domain are involved in homo- and hetero-dimerization. 
Yeast cells expressed the indicated ZFAR derivatives fused to GAL4AD and 
ZFAR fused to GAL4BD.  Yeast suspensions were spotted on minimal (-2 = -
LW) or selective SD medium (-3 = -HLW) with 10 mM 3-AT and growth was 
monitored after 7 days. Yeast transformed with the empty plasmids pAS2.1 and 
pACT2, expressing GAL4 BD and AD, respectively, were used as control. 
 
We generated double-mutant plants homozygous for T-DNA insertion alleles of 
ZFAR1 and ZFAR2 to circumvent possible redundant roles of these two proteins. Gene 
expression analysis confirmed that mutant seedlings failed to accumulate ZFAR1 and 
ZFAR2 transcripts (Figure 17). The double knockout mutant was morphologically 
indistinguishable from wild-type plants (not shown). A jaz1 T-DNA insertion line did 
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not express the JAZ1 transcript and was also morphologically indistinguishable from 




Figure 11. The ZIM and Jas domain of JAZ1 are both necessary for interaction 
with ZFAR proteins. Yeast cells expressing the indicated JAZ1 derivatives 
fused to GAL4BD and ZFAR fused to GAL4AD were spotted on minimal (-2 = 
-LW) or selective SD medium (-3 = -HLW) with 10 mM 3-AT and growth was 
monitored after 7 days. Yeast transformed with the empty plasmids pGBT9 and 
pACT2, expressing GAL4 BD and AD, respectively, were used as control. 
 
To determine resistance against Bo rytis, mature leaves of WT plants, zfar1zfar2 
mutant plants and two sister lines of the jaz1 mutant were inoculated with 3 µl drops of 
7.5x105 spores/mL suspension of B. cinerea and disease progression was compared 
between genotypes four days after inoculation. Leaf l sions were scored in three 
different classes with severe or less severe symptos r with a healthy appearance. 
Wild-type plants were relatively tolerant to infection, with 30% of the infected leaves 
in the healthy class and 80% in the healthy and less severe classes (Figure 18). 
Interestingly, zfar1zfar2 plants showed significantly enhanced resistance to Botrytis 
with almost 55% of healthy leaves and 95% of leaves in the healthy and less severe 
classes. The jaz1 mutants were also significantly more resistant than wild-type with 






JAs regulate two distinct and antagonistic branches of plant defense, against 
herbivorous insects and against necrotrophic pathogens. Whereas the role of JAs in 
herbivore defense is well understood and a clear picture exists how regulatory 
transcription factors are coupled to the central JAs perception module consisting of 
COI1 and JAZ repressors (Memelink et al., 2009; Pieters  et al., 2009; Pauwels and 
Goossens, 2011), their role in defense against microbial pathogens is less well 
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understood. ORA59 is the key regulator of the latter defense branch (Pré et al., 2008), 
but it is unclear how it is coupled to the central COI1-JAZ module. ORA59 was 
believed to be a secondary response factor that is synthesized de novo after induction 
of ORA59 gene expression via the related ET-responsive transcription factors 
EIN3/EIL1. JAs were thought to control ORA59 activity ndirectly by acting on JAZ 




Figure 12. ZFAR can bridge the interaction between ORA59 and JAZ1. Yeast 
cells expressing JAZ1 fused to GAL4AD, ORA59 fused to GAL4BD and 
unfused ZFAR proteins or corresponding control plasmid  were spotted on 
minimal (-4 = -HLUW) or selective SD medium (-5 = -AHLUW) and growth 
was monitored after 7 days. Yeast cells transformed with the empty plasmids 
were used as control. 
 
Here we show that contrary to current belief pre-existing ORA59 is directly 
activated by JAs and hence that ORA59 is a primary response transcription factor. The 
fact that its target gene PDF1.2 does not behave as a CHX-independent JAs response 
gene (Dombrecht at al., 2007) is due to sequences distinct from the ORA59 binding 
sites and indicates that the corresponding unknown transcription factors need de novo 
synthesis. 
This finding prompted us to look for proteins that in eract with ORA59 and 
might regulate its activity, resulting in the discovery of the ZFAR proteins. Although 
the ZFAR proteins acted as repressors of ORA59 activity, they were stable upon JA 
treatment. This led us to the hypothesis that they might act as adaptors recruiting one or 
more members of the JAs-responsive JAZ repressor family. Indeed, the ZFAR proteins 
interacted with JAZ1. Further experiments showed that ZFAR and JAZ1 co-repress 
ORA59 activity. The negative effects of ZFAR and JAZ1 on ORA59 activity in trans-
activation assays were corroborated by Botrytis infection assays, which showed that 
zfar1zfar2 and jaz1 mutants were less susceptible to fungal infection. 
 




Figure 13. ZFAR proteins do not directly interact with NINJA or TPL. Yeast 
cells expressing the indicated proteins fused to GAL4AD or GAL4BD were 
spotted on minimal (-2 = -LW) or selective SD medium (-3 = -HLW) with 10 
mM 3-AT and growth was monitored after 7 days. Contr l transformations were 




Figure 14. JAZ1 represses ORA59 activity in a dose-dependent manner. 
Arabidopsis leaf protoplasts were co-transformed with plasmids carrying 
PDF1.2:GUS and 35S overexpression vectors containing ORA59 and JAZ1 as 
indicated (GUS : ORA59 : JAZ1 = 2 µg : 2 µg : µg as indicated). Protein 
concentrations were used to correct for differences in protein extraction 
efficiencies. Values represent means ± SE of triplicate experiments.  
 
The ZFAR1 region containing the two zinc finger repeats was responsible for 
interaction with the C-terminal part of ORA59. Similar binding domain analysis in 
yeast with the cotton CCCH-ZF GhZFP1 demonstrated that the two zinc finger motifs 
and the 40 amino acids N-terminal region were essential for mediating interactions 
with the defense-related proteins GZIRD21A (GhZFP1 interacting and responsive to 
dehydration protein 21A) and GZIPR5 (GhZFP1 interacting and pathogenesis-related 
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protein 5) (Guo et al., 2009). Addepalli and Hunt (2008) suggested that RNA nuclease 
activity may be a common characteristic of Arabidopsis CCCH-containing proteins 
after confirming this activity in five CCCH proteins (not including ZFAR1 and 2) 
randomly selected from Arabidopsis. Although a role as ribonucleases cannot be 
excluded since we did not test ribonuclease activity, we present evidence for a 
completely different function of ZFAR1 and ZFAR2 asdaptors for protein-protein 




Figure 15. Repression of ORA59 activity by exogenously added JAZ1 depends 
on endogenous ZFAR proteins. (a) Leaf protoplasts from wild type or zfar1zfar2 
mutant plants were co-transformed with plasmids carrying PDF1.2:GUS and 
35S overexpression vectors containing ORA59 and JAZ1 as indicated. (b) Leaf 
protoplasts from wildtype or zfar1zfar2 mutant plants were co-transformed with 
plasmids carrying 4D:GUS and 35S overexpression vectors containing MYC2 
and JAZ1 as indicated. Protein concentrations were used to correct for 
differences in protein extraction efficiencies. Values represent means ± SE of 
triplicate experiments.  
 
In localization studies of ZFAR1 and ZFAR2 fused to GFP we found that both 
proteins are mainly cytosolic in Arabidopsis protoplasts. Previously ZFAR2 (atSZF1) 
was reported to be nuclear in onion cells (Sun et al., 2007), despite the absence of a 
predicted nuclear localization signal (NLS). However more recently all five members 
of the CCCH ankyrin-containing group, including ZFAR1 and ZFAR2, were 
demonstrated to accumulate in cytoplasmic foci in maize protoplasts (Pomeranz et al., 
2010).  
A role in Botrytis resistance has been previously reported for ZFAR1 
(AbuQamar et al., 2006). However, these authors concluded that a single zfar1 mutant 
with exactly the same T-DNA insertion in the ZFAR1 gene as in our double mutant was 
more susceptible to Botrytis infection. It is possible that the contradictory observations 
are caused by differences in damage assessment or in he nfection method. However it 
ZFAR and JAZ1 repress ORA59 activity 
47 
should be noted that the conclusions of AbuQamar et al. (2006) were not based on 




Figure 16. Co-repression of ORA59 activity by JAZ1 and ZFAR requires the C-
terminal domain of JAZ1. (a) Arabidopsis cell suspension protoplasts were co-
transformed with plasmids carrying PDF1.2:GUS and 35S overexpression 
vectors containing ORA59, ZFAR and JAZ1 or JAZ∆C (1-204) as indicated. (b) 
JAZ1∆C effectively represses MYC2 activity. Arabidopsis cell suspension 
protoplasts were co-transformed with plasmids carrying 4D:GUS and 35S 
overexpression vectors containing MYC2 and JAZ1∆C as indicated. Protein 
concentrations were used to correct for differences in protein extraction 




Figure 17. Characterization of the double knockout mutant zfar1zfar2. (a) 
Schematic representation of T-DNA insertions in ZFAR1 (SALK_024800 = z1) 
and ZFAR2 (SALK_141550 = z2). Triangles indicate the position of T-DNA 
insertions. Boxes and solid lines represent exons and introns, respectively. 
White boxes represent untranslated regions. (b) Northern blot analyses show 





Figure 18. ZFAR proteins and JAZ1 are negative regulators of resistance 
against the necrotrophic fungus Botrytis cinerea. Disease severity was scored in 
Arabidopsis wild-type plants (WT) and zfar1zfar2 or jaz1 mutant plants 4 days 
after inoculation and are expressed as the percentag s of leaves falling in disease 
severity classes. Healthy (light gray), no visible disease symptoms; Less severe 
(medium gray), starting lesion with yellowing; Severe (dark gray), spreading 
lesion with yellowing. Data represent 192 leaves of 24 plants per genotype. 
Disease resistance tests were performed at the sametime for all genotypes, 
scoring was done blind and tests were independently performed twice with 
similar results. The differences between genotypes were analyzed with 
Pearson’s Chi-squared test (* = p < 0.05; ** = p < 0.01). 
 
The research described in this chapter provides novel insight in the regulation of 
the key transcription factor ORA59 in JAs-mediated r sponses. It also reports a novel 
function of CCCH-type ZF proteins, i.e. a role as adaptors between a transcription 
factor and another protein. Our data can be combined i to an attractive model (Figure 
19). In the absence of colonization by necrotrophic pathogens, ZFAR proteins repress 
the activity of pre-existing ORA59 by recruitment of JAZ1. Microbial infection 
triggers the JAs signaling pathway leading to activation of ORA59 as a result JAZ1 
degradation. This mechanism ensures low activity of ORA59 in healthy plants and 
allows for a rapid activation of defense genes upon athogen attack. It also provides a 
unifying model for regulation of the bHLH transcription factors MYC2/3/4 and the 
AP2/ERF transcription factor ORA59. Both types of transcription factor are primary 
response regulators and both are regulated by the COI1-JAZ core module. The 
differences are that the MYCs interact with multiple JAZ family members whereas 
ORA59 only interacts with JAZ1, and that the MYCs interact directly with the JAZ 
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Figure 19. Unifying model for JAs signaling in resistance against necrotrophic 
microorganisms and insect herbivores. Different types of biotic or abiotic stress, 
including wounding, attack by herbivorous insects and infection with 
necrotrophic pathogens, induce the synthesis of JA and related oxylipins. Some 
stress signals such as infection with necrotrophic pathogens simultaneously 
induce ET biosynthesis. JAs activate several transcription factors, including 
ORA59 and MYC2, MYC3 and MYC4 via COI1, an F-box protein that is the 
receptor for JA-Ile. Binding of JA-Ile results in COI1-mediated degradation of 
JAZ repressors via the ubiquitin/proteasome pathway, thereby releasing 
transcription factors from repression. The bHLH-type transcription factors 
MYC2/3/4 positively regulate the expression of wound-responsive genes (e.g. 




Materials and Methods  
 
Yeast two-hybrid assays 
 
Full-length ORA59 and ORA59 deletion derivative 81-244 cloned in pAS2.1 
(acc. No. U30497) were co-transformed with empty pACT2 (acc. No. U29899) to yeast 
strain PJ69-4A (James et al., 1996). For auto-activtion assays, transformants were 
plated on minimal synthetic defined (SD)-glucose medium supplemented with 
Met/Ura/His and lacking Leu and Trp. Ability to activate transcription in yeast was 
evaluated by monitoring growth after 7 days on selectiv  SD medium lacking Leu, Trp 
and His supplemented with increasing 3-AT concentrations ranging from 0 to 50 mM. 
ORA59 deletion derivative 81-244 cloned in pAS2.1 was used as bait for the screening. 
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Using the Stratagene cDNA synthesis kit amplified cDNA libraries representing 2x106 
primary transformants were prepared from an equal mixture of RNAs from 10 days old 
ecotype Col-0 seedlings treated with 50 µM JA and 1 mM ethephon for 30 min and 4 
hrs in the lambda vector HybriZAP-2.1 (Stratagene) and from an equal mixture of 
RNAs from stems, leaves and flowers of mature ecotype Landsberg erecta plants in the 
vector λACTII. The HybriZAP library was converted to a pAD-GAL4-2.1 plasmid 
library according to the HybriZAP manual. The λACTII library was converted in a 
pACT2 (Clontech) plasmid library via Cre-lox excision in E. coli strain BNN132. Co-
transformation of bait and cDNA library at a ratio of 1:1 was performed into yeast 
strain PJ69-4A according to a yeast transformation protocol modified from Gietz et al. 
(1992). Transformed cells were plated on SD medium containing 20 mM 3-AT and 
lacking Trp, Leu and His. ZFAR1 (At2g40140) was digested from pACT2 with SmaI 
and XhoI, and cloned in pAS2.1 digested with SmaI and SalI. ZFAR1 deletion 
derivatives were PCR amplified with the following primer sets:  5’-CAG TGG CCA 
TGG AGG CCA TGT GCG GTG CAA AGA GCA AC-3’ and 5’-GTC AGG ATC 
CTG CAT TCT CAC CAG GAT GAA C-3’ for ZF1-∆1 (0-245); 5’-CAG TGG CCA 
TGG AGG CCG ATT CTC GGT TTG TTC CTA AC-3’ and 5’-GTC AGG ATC CTT 
ATG CCA CAA TCT GCT GCT CAT GG-3’ for ZF1-∆2 (157-597); 5’-CAG TGG 
CCA TGG AGG CCC GGG ATG AGT TAA GAC CGG TT-3’ and 5’-GTC AGG 
ATC CTT ATG CCA CAA TCT GCT GCT CAT GG-3’ for ZF1-∆3 (311-597); and 
5’-CAG TGG CCA TGG AGG CCA GGA GGA GAG ATC CTA GGA G-3’ and 5’-
GTC AGG ATC CCC GTC TAT GAG CAA AGA AAC AAA C-3’for ZF1-∆5 (245-
311). PCR fragments were digested with SfiI and BamHI and cloned in pAS2.1 or 
pACT2 digested with SfiI and BamHI. ZFAR2 (At3g55980) was amplified by PCR on a 
At Col-0 cDNA template with 5'-GAG CTC GGA TCC AAA TGT GCA GTG GAC 
CAA AGA G-3' and 5'-CTG CAG CTC GAG AGA TCT TTA CAC AC AGT CTG 
CTC CTT C-3' and cloned in pGEM-T-Easy. For pAS2.1 cloning, ZFAR2 was PCR 
amplified with primers 5’-GAT CCA TAT GTG CAG TGG ACC AAA GAG CAA 
TC-3’ and 5’-GTC AGG ATC CTT ACA CCA CAG TCT GCT CCT TCT C 3’, 
digested with NdeI/BamHI and cloned in pAS2.1 digested with NdeI/BamHI. For 
pACT2 cloning, ZFAR2 was PCR amplified with primers 5’-CGG GAT CCC GAT 
GTG CAG TGG ACC AAA GAG C-3’ and 5’-GGA TCC CTC GAG CAC CAC AGT 
CTG CTC CTT C-3’, digested with BamHI/XhoI and cloned in pACT2 digested with 
BamHI/XhoI. JAZ1 deletion derivatives in pGBT9, were previously described (Pauwels 
et al., 2010). For the three-hybrid bridge assay, ZFAR1 was digested from pACT2-
ZFAR1 with SmaI and XhoI and cloned in pYPGE15 (Brunelli and Pall, 1993) and 
ZFAR2 was digested from pGEM-T-EASY-ZFAR2-AtRT with BamHI and XhoI and 
cloned in p423GPD (Mumberg et al., 1995). Plasmids were co-transformed into yeast 
strain PJ69-4A and plated on SD medium selective for the plasmids (lacking Leu, Trp, 
His and Ura). Empty plasmids were used as controls. Transformants were allowed to 
grow for 4-5 days. Subsequently, cells were incubated for 16 hours in liquid SD 
selective for the plasmids and 10 µl of 100-fold dilutions were spotted on solid SD 
medium selective for the plasmids or for protein interactions (lacking Leu, Trp, His, 
Ura and Ade). Yeast cells were allowed to grow for 7 days at 30°C.   
 
Phylogenetic tree 
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CCCH zinc finger protein sequences were aligned by clustalW and tree was 
constructed with PHYLIP 3.60 package programs. A distance matrix was made with 
Protdist (Jones-Taylor-Thornton), followed by Neighbor (Neighbor-joining). The tree 
was drawn with Drawtree and adjusted with Retree. 
 
Plant materials, growth conditions and chemical treatments 
 
Arabidopsis thaliana wild-type plants and zfar1zfar2 and jaz1 mutant plants are 
in the genetic background of ecotype Col-0. T-DNA knockout lines zfar1 
(SALK_024800), zfar2 (SALK_141550) and jaz1 (SALK_011957) were obtained from 
NASC. Pollen from homozygous zfar2 plants were used to pollinate emasculated 
homozygous zfar1 flowers. F1 seedlings were grown without selection and genotyped 
with LBb1for 5’-GCG TGG ACC GCT TGC TGC AAC T-3’ and SALK-zfar1R 5’-
GAC GGA TAG TGG TTC ATC TGA G-3’ or SALK-zfar2R 5’-CTT CCT TTT GCC 
TTG ATT CG-3’ to identify double homozygous individuals. The jaz1 homozygous 
lines were identified with the primers LBa1 5’-TGG TTC ACG TAG TGG GCC ATC 
G-3’ and JAZ1LP2 5’-GAT CTG TGA AAC CAG AGT CTC AAA CTG-3’ or 
JAZ1RP2 5’-GAA TGA TCT CTA CGA GAC TAC GAC TAC TC-3’. Seeds were 
surface-sterilized by incubation for 1 min in 70 % ethanol, 15 min in 50% bleach, and 
five rinses with sterile water. Alternatively, seeds were surface-sterilized in a closed 
container with chlorine gas for three hours (http://plantpath.wisc.edu/~afb/vapster. 
html). Surface-sterilized seeds were grown on plates containing MA (Masson and 
Paszkowski, 1992) medium supplemented with 0.6% agar. Following stratification for 
3 days at 4°C, seeds were incubated at 21°C in a growth chamber (16 h light/8 h dark, 
2500 lux) for 10 days or at 12 h light/12 h dark light regime for pathogen assays.  
For treatments, seedlings were first grown on solid MA medium for 10 days. 
Twenty to 25 seedlings were transferred to 50 ml polypr pylene tubes (Sarstedt, 
Nümbrecht, Germany) containing 10 ml MA medium and i cubated on a shaker for 4 
additional days before treatment. Seedlings were trated for different time periods with 
50 µM JA (Sigma-Aldrich, St. Louis, MO) dissolved in dimethylsulfoxide (DMSO; 
0.05% final concentration), 1 mM of the ethylene-releasing compound ethephon 
(Sigma-Aldrich) dissolved in 50 mM sodium phosphate pH 7 (0.5 mM final 
concentration), 1 mM SA dissolved in water (pH 6.2), or a combination of JA and 
ethephon or JA and SA. As controls, seedlings were tr ated with 0.05% DMSO and 0.5 
mM sodium phosphate pH 7. For cycloheximide experimnts, 15 to 20 10-days-old 
seedlings were transferred from plates with solidifie  MA medium to 50 ml 
polypropylene tubes (Sarstedt, Nümbrecht, Germany) containing 10 mL MA medium 
and incubated on a shaker at 120 rpm for 4 additional days. Seedlings were first treated 
for 10 min with 100 µM cycloheximide (CHX) dissolved in DMSO (0.1% final 
concentration) and then JA dissolved in DMSO at a fin l concentration of 50 µM or JA 
combined with 1 mM ethephon dissolved in 50 mM sodium phosphate pH 7 (0.5 mM 
final concentration) were added for times as indicated. 
 




The ORA59 (At1g06160) open reading frame (ORF) was PCR-amplified from 
Arabidopsis genomic DNA using the primer set 5’-CGG AT CCA TAT GGA ATA 
TCA AAC TAA CTT C-3’ and 5’-CGG GAT CCT CAA GAA CAT GAT CTC ATA 
AG-3’,  digested with BamHI and cloned into pRT101 (Töpfer et al., 1987). MYC2 in 
pRT101 was described previously (Montiel et al., 2011). JAZ1 (At1g19180) and 
JAZ1∆C were PCR-amplified using the primer sets 5’-CGG GAT CCG TCG ACG 
AAT GTC GAG TTC TAT GGA ATG TTC-3’ and 5’- CGG GAT CCC GTC GAC 
TCA TAT TTC AGC TGC TAA ACC G-3’ and 5’-CGG GAT CCG TCG ACG AAT 
GTC CAG TTC TAT GGA ATG TTC-3’ and 5’-GGG ATC CGT CGA CTC AAA 
GTT CTG TCA ATG GTG TTG G-3’, respectively, digested with BamHI and cloned 
in pRT101. ZFAR1 was digested from pACT2 with SmaI and SpeI or with BamHI and 
SpeI and cloned in pRT101 digested with SmaI and XbaI and in pTH2BN (a derivative 
of pTH2; Niwa et al., 1999; Chiu et al., 1996) with BglII and SpeI, respectively. For the 
construction of GFP-ORA59, the ORA59 open reading frame (ORF) was excised from 
pBluescript SK+-ORA59 with EcoRI/SpeI respectively and cloned into pTH2BN 
digested with EcoRI/SpeI respectively. For C-terminal GFP fusions of full-length 
ZFAR1 and deletion derivatives DNA fragments were PCR amplified with the primer 
sets  5'-ATC ATG TGC GGT GCA AAG AGC AAC C-3' and 5'-CAG TGG ATC 
CTG CCA CAA TCT GCT GCT CAT GGT C-3' for ZFAR1; 5'- ATC ATG TGC GGT 
GCA AAG AGC AAC C -3' and 5'-CAG TGG ATC CTG CAT TCT CAC CAG GAT 
GAA C-3' for ZF1-∆1 (0-245); 5'-CAG TGG CCA TTA TGG CCG ATT CTC GGT 
TTG TTC CTA AC-3' and 5'-CAG TGG ATC CTG CCA CAA TCT GCT GCT CAT 
GGT C-3' for ZF1-∆2 (157-597); 5'-GTC AAG ATC TAT GCG GGA TGA GTT AAG 
ACC GGT T-3' and 5'-CAG TGG ATC CTG CCA CAA TCT GCT GCT CAT GGT 
C-3' for ZF1-∆3 (311-597), digested at one end with BamHI and cloned in pRT101 
digested with EcoRI (filled in with T4 DNA polymerase) and BamHI, for ZF1-∆4 
(∆245-311), legated the ZF1-∆1 digested with BamHI and the ZF1-∆3 digested with 
BglII/BamHI. Inserts were excised with SphI and XbaI and cloned in pTH2∆EcoRI 
(another derivative of pTH2) digested with SphI and XbaI. ZFAR2 was PCR amplified 
with primers 5'-TCA ATG TGC AGT GGA CCA AAG AGC-3' and 5'-CAG TGG 
TAC CCT CGA GTA CCA CAG TCT GCT CCT TCT C-3', digest d at one end with 
KpnI and cloned in pRT101 digested with XhoI (filled in with T4 DNA polymerase) 
and KpnI. The insert was excised with SphI and XhoI and cloned in pTH2 (Niwa et al., 
1999; Chiu et al., 1996) digested with SphI and SalI. Primer sets used for BiFC cloning 
were: 5'-GTC AAC TAG TAT GTG CGG TGC AAA GAG CAA CC-3' and 5'-CAG 
TGG ATC CTT ATG CCA CAA TCT GCT GCT CAT GG-3' for ZFAR1 cloning with 
SpeI and BamHI in pRTL2-YNEE and -YCHA; 5'-GTA CGC GGC CGC TTA TGT 
GCG GTG CAA AGA GCA ACC-3' and 5'-GCA AGC GGC CGC GTT GCC ACA 
ATC TGC TGC TCA TGG TC-3' for ZFAR1 cloning with NotI in pRTL2-EEYN and -
HAYC; 5’-GTA CGT CGA CAA TGT GCA GTG GAC CAA AGA GC-3’ and 5’-
GCA AGC GGC CGC GTC ACC ACA GTC TGC TCC TTC TC-3’ for ZFAR2 
cloning with SalI and NotI in pRTL2-EEYN and -HAYC; 5’-GTA CGT CGA CAA 
TGT GCA GTG GAC CAA AGA GC-3’and 5’-CAG TAG ATC TTT ACA CCA 
CAG TCT GCT CCT TCT C-3’ for ZFAR2 cloning with SalI and BglII in pRTL2-
YNEE and -YCHA; 5'-GAT CGT CGA CAA TGG AAT ATC AAA CTA ACT TC-3' 
and 5'-CAG TAG ATC TTC AAG AAC ATG ATC TCA TAA GC-3 for ORA59 
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cloning with SalI and BglII in pRTL2-YNEE and -YCHA; 5'-GAT CGT CGA CAA 
TGG AAT ATC AAA CTA ACT TC-3' and 5'-CGA AGC GGC CGC GTA GAA CAT 
GAT CTC ATA AGC TC-3' for ORA59 cloning with SalI and BglII in pRTL2-EEYN 
and -HAYC; 5'-GTC ACA TAT GAG ATG ACT GAT TAC CGG CTA CAA CC-3' 
and 5'-CAG TAG ATC TTT AAC CGA TTT TTG AAA TCA AAC TTG C-3' for 
AtMYC2 cloning with NdeI and BglII in pRTL2-YNEE and -YCHA; 5'-GTA CGC 
GGC CGC TTA TGA CTG ATT ACC GGC TAC AAC C-3' and 5'-GCA AGC GGC 
CGC GTA CCG ATT TTT GAA ATC AAA CTT GC-3' for AtMYC2 cloning with 
NotI in pRTL2-EEYN and -HAYC; 5'-GAT CGT CGA CAA TGT CGA GTT CTA 
TGG AAT GTT C-3' and 5'-GAC TCA TAT GTT CAT ATT TCA GCT GCT AAA 
CCG AGC-3' for JAZ1 cloning with SalI and NdeI in pRTL2-YNEE and -YCHA; 5'-
GAT CGT CGA CAA TGT CGA GTT CTA TGG AAT GTT C-3' and 5'-GCA AGC 
GGC CGC GTT ATT TCA GCT GCT AAA CCG AGC-3' for JAZ1 cloning with SalI 
and NotI in pRTL2-EEYN and -HAYC; 5'- CCG GAC TAG TAT GGT GAG CAA 
GGG CGA GGA GCT G -3' and 5'- CGG GAT CCT TAC TTG TAC AGC TCG TCC 
ATG CC-3' for GFP cloning with SpeI and BamHI in pRTL2-YCHA. PCR-amplified 
inserts were digested with the restriction enzymes ntioned above and cloned in the 
mentioned pRTL2 derivatives (Bracha-Drori et al., 2004) digested with the 
corresponding enzymes. 
Protoplasts were isolated from Arabidopsis cell suspension ecotype Col-0 and 
plasmid DNA was introduced by polyethylene glycol (PEG)-mediated transfection as 
previously described (Schirawski et al., 2000). Arabidopsis leaf protoplasts were 
prepared and transformed as described (Sheen, 2002). Co-transformation with plasmids 
carrying PDF1.2-promoter-GUS (Zarei et al., 2011) or 4D-promoter-GUS (Vom Endt 
et al., 2007) and effector plasmids carrying ZFAR1, ORA59, JAZ1 or MYC2 fused to 
the CaMV 35S promoter were carried out. To study a possible effect of ZFAR1 
interaction with the transcription factors, a ratio f 2:2:2 or 2:6:2 (µg 
GUS:ZFAR1:effector plasmid) was chosen. As controls, co-transformations of GUS 
reporter plasmids with the empty pRT101 expression vector were used. Protoplasts 
were incubated at 25 °C for at least 16 hrs prior to harvesting by centrifugation and 
immediately frozen in liquid nitrogen. GUS activity assays were performed as 
described (van der Fits and Memelink, 1997). GUS activities from triplicate 
transformations were normalized against total protein content to correct for differences 
in protein extraction efficiencies. Images of transfected protoplasts were acquired with 
a Leica DM IRBE confocal laser scanning microscope equipped with an Argon laser 
line of 488 nm (excitation) and a band pass emission filter of 500-550 nm.  
 
Botrytis cinerea pathogen assay 
 
B. cinerea was grown on potato dextrose agar plates for 2 weeks at 22°C. Spores 
were harvested as described by Broekaert et al. (1990). Plant seedlings germinated in 
sand were transferred to individual pots containing sterile soil and randomly distributed 
in trays. Seedlings were cultivated for another 2 weeks in a growth chamber with an 8 h 
day (1400 lux at 24°C) and 16 h night (20°C) cycle at 65% relative humidity. For 
inoculation with fungal pathogens, 3 µL droplets of spore suspension were deposited 
on mature leaves of each plant. Inocula consisted of 7.5x105/mL B. cinerea spores 
Chapter 2 
54 
incubated in half-strength potato dextrose broth for 2 hours prior to inoculation. After 
inoculation, plants were maintained under high relative humidity with the same 
temperature and photoperiod conditions. In each experiment, 24 plants per genotype 
were inoculated. Control plants were not inoculated but kept under the same growing 
conditions.  
Disease ratings were assessed at day 4 after inoculation with B. cinerea. Disease 
ratings were assigned to the inoculated leaves of each plant, as described by Ton et al. 
(2002) with minor modifications. Briefly, intensity of disease symptoms and lesion size 
were classified: Healthy, no visible disease symptos; Less severe, non-spreading or 
spreading lesion; Severe, spreading lesion surrounded by a chlorotic or spreading 
lesion with extensive tissue maceration.  
 
RNA extraction and Northern blot analyses 
 
Total RNA was extracted from pulverized frozen tissue by phenol/chloroform 
extraction followed by overnight precipitation with 2 M lithium chloride, washed with 
70 % ethanol, and resuspended in water. For RNA-blot analysis, 10 µg RNA samples 
were subjected to electrophoresis on 1.5% agarose/1% formaldehyde gels, and blotted 
to GeneScreen nylon membranes (Perkin-Elmer Life Sciences, Boston, MA). All 
probes were 32P-labeled by random priming. Pre-hybridization of blots, hybridization 
of probes and subsequent washings were performed as described (Memelink et al., 
1994) with minor modifications. Blots were exposed on X-ray films (Fuji, Tokyo, 
Japan). Some DNA fragments used as probes were PCR amplified from Arabidopsis 
genomic DNA with the primer sets: 5’-AAT GAG CTC TCA TGG CTA AGT TTG 
CTT CC-3’ and 5’-AAT CCA TGG AAT ACA CAC GAT TTA GCA CC-3’ for 
PDF1.2 (At5g44420); 5’-CGG GAA GGA TCG TGA TGG A-3’ and 5’-CCA ACC 
TTC TCG ATG GCC T-3’ for ROC (At4g38740); and 5’-CTG TGC CAA TCT ACG 
AGG GTT-3’ and 5’-GGA AAC CTC AAA GAC CAG CTC-3’ for ACTIN2 
(At3g18780). Probes for ORA59 (At1g06160); ZFAR1 (A2g40140); ZFAR2 (At3g55980) 
and JAZ1 (At1g19180) were complete open reading frames excised from plasmid 
vectors. GUS probe was excised from pGUSN358S (Clontech) with EcoRI/HindIII.  
 
Protein extraction and immunoblot analysis 
 
Protoplasts were ground in 50 µl of CCLR protein extraction buffer (25 mM 
Na-phosphate buffer pH 7.5, 1 mM EDTA, 7 mM β-mercaptoethanol, 1% triton X-100, 
10% glycerol). After centrifugation at 8000 rpm for 2 min at 4 °C, supernatants were 
transferred into clean tubes, frozen in liquid nitrogen, and stored at -80 °C. Protein 
concentrations were determined using Bio-Rad protein assay reagent with bovine 
serum albumin as the standard.  
Protein extracts were separated on 10% (w/v) SDS-PAA gels and transferred to 
Protran nitrocellulose (Schleicher & Schuell) by semidry blotting. After blocking 1 hr 
in Tris-buffered saline-Tween (TBST; 20 mM Tris-HCl pH 7.6, 140 mM NaCl and 
0.05% Tween 20) with 5 % non-fat dry milk at room temperature, the Western blots 
were incubated overnight with anti-HA peroxidase antibodies (1:2000; Roche) in 
TBST with 5% non-fat milk. After 1 hr incubation atroom temperature the blots were 
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washed 4x with TBST. Finally, the blots were incubated in 6 ml luminol solution (250 
µM sodium luminol (Sigma), 0.1 M Tris-HCl pH 8.6, 0.01% H2O2 ) mixed with 60 µl 
enhancer solution (67 µM p-hydroxy coumaric acid (Sigma) in DMSO) to visualize the 
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Plant defense against necrotrophic pathogens depends on the synergistic action 
of jasmonic acid (JA) and ethylene (ET). The AP2-domain transcription factor ORA59 
is the key integrator of the JA and ET signaling pathways. ZFAR proteins act as 
adaptors connecting JAZ1 to ORA59 to repress its activity. Gibberellins (GAs) 
modulate JA/ET signaling depending on DELLAs, key rpressors of GA signaling. 
However, the molecular mechanisms underlying this pytohormone crosstalk remain 
largely unknown. Here, we show that DELLAs directly interact in vivo and in vitro 
with ZFAR1, ZFAR2, and JAZ1, repressors of JA/ET signaling. DELLAs repress the 
activity of ZFAR and JAZ1, and, thereby, enhance the activity of ORA59 resulting in 
higher expression levels of its target genes including PDF1.2. Accordingly, 
overexpression of the DELLA proteins RGA and GAI in plants results in increased 
expression of PDF1.2. DELLAs were also found to positively regulate JA/ET-
mediated resistance to the necrotrophic fungus Botrytis cinerea. We propose that 
DELLA-ZFAR/JAZ1 interaction is of adaptive significance and might represent a 

































In natural environments plants are continuously threatened by harmful 
pathogens and pests. To defend themselves against different types of attackers, plants 
have developed an array of constitutive and induced d fensive strategies. Induced 
defense depends on endogenously produced signaling molecules that are essential for 
the regulation of plant immune responses, such as jasmonates (JAs), ethylene (ET), 
salicylic acid (SA) and gibberellins (GA) (reviewed by Pieterse et al., 2009). These 
phytohormones involved in plant immunity can act synergistically or antagonistically, 
which allow plants to quickly adapt to their adverse environment in a cost-efficient 
manner (Kunkel and Brooks, 2002; Pieterse et al., 2009). To fully understand the 
complex network of interconnected hormone signaling pathways, it is imperative to 
address the function of key components and their regulatory mechanisms during 
different stress responses. 
Jasmonic acid (JA) and derived jasmonates (JAs) are lipid-based signaling 
molecules that activate plant defense against many forms of biotic and abiotic stresses 
and regulate diverse developmental processes (Memelink, 2009; Fonseca et al., 2009). 
In the JAs signal perception and transduction pathwy, several components have been 
identified. CORONATINE INSENSITIVE1 (COI1) protein is an F-box protein that 
forms part of a putative E3 ubiquitin ligase complex of the Skp1/Cullin/F-box (SCFCOI1) 
type (Feys et al., 1994; Xie et al., 1998; Xu et al., 2002; Devoto et al., 2002). The 
importance of COI1 in the perception of bioactive JAs (i.e. jasmonoyl-L-isoleucine or 
JA-Ile) was revealed with the discovery of the JA-Ile co-receptor Jasmonate ZIM-motif 
(JAZ) proteins, which act as repressors of JAs-respon ive transcription (Chini et al., 
2007; Thines et al., 2007; Yan et al., 2009; Sheard t al., 2010). The basic Helix-Loop-
Helix (bHLH) transcription factor (TF) MYC2 was identified as a JAZ protein binding 
partner (Chini et al., 2007). More recently, the MYC2 related proteins MYC3 and 
MYC4 also have been shown to interact with JAZ repressors (Cheng et al., 2011; 
Fernández-Calvo et al., 2011; Niu et al., 2011). In response to JA-Ile, JAZ proteins are 
rapidly degraded (Chini et al., 2007; Thines et al., 2007), which leads to de-repression 
of MYC and to activation of plant defense against wounding and insect herbivory. 
Recently, more JAZ binding partners have been identfi d, including the  Novel 
Interactor of JAZ (NINJA) (Pauwels et al., 2010), the R2R3-MYB TFs MYB21 and 
MYB24 (Song et al., 2011), and the bHLH TF GL3, EGL3 and TT8 (Qi et al., 2011), 
bHLH3 (JAM3), bHLH13 (JAM2), bHLH14 and bHLH17 (JAM1) (Nakata et al., 2013; 
Sasaki-Sekimoto et al., 2013; Song et al., 2013), ICE1 and ICE2 (Hu et al., 2013),  
WRKY57 (Jiang et al., 2014),  and also two ET-associated TFs (EIN3 and EIL1) (Zhu 
et al., 2011), with a variety of different roles inregulating JAs-associated gene 
expression. 
Bioactive gibberellins (GAs) are tetracyclic diterpnoid phytohormones that 
modulate many different aspects of plant growth anddevelopment, and environmental 
responses (reviewed by Sun, 2011; Hauvermale et al., 2012). Several components of 
the GA signal perception and transduction pathway have been described (reviewed by 
Sun, 2011; Hauvermale et al., 2012). Bioactive GA is perceived by the GID1 (GA-
INSENSITIVE DWARF1) receptor (Ueguchi-Tanaka et al., 2005; Nakajima et al., 
2006). The GA-GID1 complex then interacts with DELLA (Asp-Glu-Leu-Leu-Ala) 
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proteins, which promotes their binding affinity to the F-box SLY1/GID2 subunit of the 
putative E3 ubiquitin ligase SCF complex (Sasaki et al., 2003; Dill et al., 2001; Dill et 
al., 2004; Gomi et al., 2004; Ueguchi-Tanaka et al., 2005; Murase et al., 2008). 
DELLA degradation by the 26S proteasome complex activ tes GA-responsive genes 
(Silverstone et al., 2001; Dill et al., 2004; Gomi et al., 2004). DELLA proteins 
localized in the nucleus act as a negative regulator of GA signaling (Dill et al., 2001). 
The DELLA family consists of 5 members in Arabidopsis, i.e. GAI (GA-insensitive), 
RGA (Repressor of ga1-3), RGL1 (RGA-Like 1), RGL2, and RGL3 (Lee et al., 2002; 
Peng et al., 1997; Silverstone et al., 1998; Wen and Chang, 2002). DELLA proteins do 
not have a DNA-binding domain, suggesting that DELLAs function as co-activators or 
co-repressors by associating with TFs (Zentella et al., 2007). 
Octadecanoid-Responsive Arabidopsis AP2/ERF-domain TF 59 (ORA59) acts 
as the integrator of the JAs and ET signaling pathwys and is the key regulator of JAs- 
and ET-responsive plant defensin 1.2 (PDF1.2) expression (Pré et al., 2008; Zarei et al., 
2011). In addition, plants with increased or reduced ORA59 expression were more 
resistant or more susceptible, respectively, to infection by the necrotrophic fungus 
Botrytis cinerea (Pré et al., 2008). The CCCH zinc finger proteins ZFAR1 and ZFAR2 
were identified as ORA59-interacting proteins by yeast two hybrid assays and 
Bimolecular Fluorescence Complementation (BiFC) assay  in planta (Chapter 2). 
Functional analysis showed that ZFAR proteins repress the activity of ORA59 to fine-
tune resistance against B. cinerea (Chapter 2). Moreover, ZFAR proteins directly 
interacted with one member of JAZ family protein, i.e. JAZ1 (Chapter 2), a repressor 
of the JAs signaling pathway (Chini et al., 2007; Thines et al., 2007). ZFAR proteins 
act as adaptors for JAZ1 binding to repress ORA59 activity (Chapter 2). Interestingly, 
GA inhibits JAs-mediated defense responses (Navarro et al., 2008) via the DELLA 
proteins (Hou et al., 2010). DELLAs stimulate the JAs-responsive expression of TAT1, 
a target gene of MYC2, and of PDF1.2, a target gene of ORA59 (Hou et al., 2010). The 
effect on MYC2 is due to the interaction of DELLAs with JAZ1 protein, which blocks 
its ability to bind and inhibit the MYC2 protein (Hou et al., 2010). However, the 
mechanism whereby DELLAs affect ORA59 activity is unknown. 
The aim of the work described in this chapter was to determine how DELLAs 
modulate defense against netrotrophic pathogens and affect ORA59 activity. Yeast two 
hybrid, BiFC and pull-down assays showed that the DELLA proteins interacted with 
ORA59 binding partners ZFAR1 and ZFAR2. In Arabidopsis protoplast trans-
activation assays, DELLAs prevented inhibitory JAZ1- FAR interaction with ORA59, 
and enhanced the activity of ORA59 on its target PDF1.2 promoter. Transgenic plants 
overexpressing RGA or GAI showed increased resistance against B. cinerea. Our 
results indicate that DELLAs act as positive regulators of ORA59 to modulate 











Several studies have shown that GA suppresses the expression of the JAs-
responsive gene PDF1.2 (Cao et al., 2006; Navarro et al., 2008; Hou et al., 2008 and 
2010). These observations suggest that GA modulates the JAs/ET signaling pathway. 
To test how GA affects JAs/ET signaling, we measured the expression of PDF1.2 in 
wild-type seedlings treated with 50 µM JA, 1 mM of the ET-releasing agent ethephon, 
100 µM GA, and different combinations as shown in Figure 1. As previously described, 
JA-responsive PDF1.2 expression was repressed at 8 hours by simultaneous treatment 
with GA in wild-type seedlings, and GA treatment alone did not significantly affect the 
expression of PDF1.2 (Hou et al., 2010). To address the possibility that t e negative 
effect of GA was mediated by ZFAR proteins, PDF1.2 expression was measured in 
zfar1zfar2 mutant seedlings. PDF1.2 expression was more highly induced at 4 hours by 
JA, ethephon or by a combination of both treatments in the zfar1zfar2 mutant than in 
the wild type, corroborating the notion that ZFAR1 and ZFAR2 act as repressors of 
ORA59 (Chapter 2). Intriguingly, PDF1.2 was strongly induced at 8 hours by GA and 
the GA/JA combination in zfar1zfar2 seedlings, indicating that without ZFAR proteins 




Figure 1. Effect of GA on the expression of the JAs/ET-responsive gene 
PDF1.2 in wildtype and zfar1zfar2 double mutant plants. Two-week-old 
wildtype Col-0 seedlings or zfar1zfar2 double mutant seedlings treated for the 
indicated times with the solvents DMSO and Na-phospate (mock), 50 µM 
jasmonic acid (JA), 1 mM ethephon (E) or 100 µM gibberellic acid (GA3) alone 
or with different combinations as indicated. The RNA gel blots were hybridized 
with the indicated probes. The ROC probe was used to verify RNA loading and 
specificity of treatments. All panels hybridized with the same probe were on the 
same blot and exposed to film for the same time, threfore signal intensities can 
be directly compared.  
 
DELLA proteins interact with ZFAR1 and ZFAR2 in yeast 
 
As positive regulators, DELLA proteins have been shown to interact with the 
JAZ repressors of JAs signaling, and this interaction blocks the inhibitory effect of JAZ 
on the TF MYC2 (Hou et al., 2010). Since ZFAR proteins act as adaptors for JAZ1 
binding to inhibit ORA59 activity (Chapter 2), this raised the possibility that DELLAs 
DELLAs repress ZFAR and JAZ1 activity 
65 
compete for JAZ1 binding to ZFAR. Another or additional option is that DELLAs 
compete for ZFAR binding to ORA59. We performed a ye st two-hybrid assay to test 
whether DELLA proteins could interact with ZFAR proteins. Because full-length RGA 
fused to the GAL4 DNA-binding domain (BD) in the vector pAS2.1 exhibited strong 
auto-activation of the Histidine selection gene in yeast strain PJ69-4A, RGA fused to 
the GAL4 activation domain (AD) in the vector pACT2 was used for the yeast two 
hybrid assay (Figure 2). Expression of BD-ZFAR1 and BD-ZFAR2 in yeast cells 
resulted in weak auto-activation that could be suppressed by the addition of 10 mM 3-
AT in the medium (Körbes, 2010). Yeast cells co-expr ssing RGA and ZFAR were 
able to sustain growth at 3-AT concentrations up to 10 mM on selective medium. These 
interactions are considered significant since background auto-activation was 
undetectable (Figure 2b). DELLA proteins contain several conserved motifs in the C-
terminal portion, such as the leucine zipper (LZ) protein-interacting domains (Figure 2a, 
Pysh et al., 1999; Itoh et al., 2002). Previous studies have revealed that the LZ1 domain 
of RGA not only interacts directly with JAZ repressor but also regulates DELLA 
protein degradation (Wang et al., 2009; Hou et al., 2010). To gain insight into the role 
of the LZ1 domain in ZFAR interaction, we tested the interaction of two RGA deletion 
derivatives (RGA∆N and RGA∆N2) with ZFAR proteins. Co-expression of AD-
RGA∆N, RGA∆N2 and RGA with BD-ZFAR1 or BD-ZFAR2 in yeast cells indicated 
that LZ1 is required for the interaction between ZFAR1/2 and RGA. Consistent with a 
previous report (Hou et al., 2010), yeast two-hybrid assays showed that RGA and 
RGA∆N interacted with JAZ1, whereas no interaction was detected between RGA∆N2 
and JAZ1 (Figure 2c). In addition, the other DELLA proteins, GAI, RGL1, RGL2, and 
RGL3 were also found to interact with JAZ1 and ZFAR (Figure 2b). 
 
DELLA proteins interact with ZFAR1 and ZFAR2 in planta 
 
To verify the interaction of DELLAs with ZFAR in planta, Bimolecular 
Fluorescence Complementation (BiFC) assays were performed. The N-terminal (YN) 
or C-terminal (YC) fragments of the yellow fluorescent protein (nYFP or cYFP) were 
fused either N-terminally or C-terminally to RGA, ZFAR1 and ZFAR2. The constructs 
were transiently co-expressed in all possible combinations of nYFP and cYFP fusion 
proteins in Arabidopsis suspension cell protoplasts. We found that co-expression of 
nYFP-ZFAR1/2 and RGA-cYFP or RGA∆N-cYFP resulted in strong YFP fluorescence 
in the nucleus of Arabidopsis protoplasts (Figure 3), whereas no or only background 
YFP fluorescence was detected in negative controls (nYFP-ZFAR1/2 co-expressed 
with cYFP or nYFP co-expressed with RGA-cYFP) (data not shown). Similar results 
were observed for co-expression of RGA-nYFP with JAZ1-cYFP fusions and for co-
expression of MYC2-cYFP with JAZ1-nYFP fusions (Figure 3). These results 
demonstrate that RGA can interact with ZFAR1/2 in plant cells. This interaction 
happens in the nucleus, similarly to the nuclear interactions of JAZ1 with MYC2 or 
with RGA (Figure 3). Additionally, the other DELLA proteins, GAI, RGL1, RGL2, 
and RGL3 were also found to interact with ZFAR1/2 in planta (Figure 3). 
 







Figure 2. DELLA proteins interact with ZFAR1 and ZFAR2 in yeast. (a) 
Schematic representation of RGA derivatives. (b) Five DELLA proteins interact 
with JAZ1, ZFAR1 and ZFAR2. (c) The leucine zipper 1 (LZ1) domain of RGA 
protein interacts with ZFAR1 and ZFAR2. Yeast cells expressing DELLA 
proteins and RGA derivatives fused to the GAL4 activation domain (AD) and 
JAZ1, ZFAR1 or ZFAR2 fused to the GAL4 DNA-binding domain (BD) were 
spotted on minimal SD medium without Leucine and Tryptophan (-2) to select 
for the plasmids and on medium additionally lacking Histidine with 10 mM 3-
aminotriazole (-3) to select for transcriptional activation of the His3 gene. 
Growth was monitored after 7 days. Yeast cells transformed with the empty 
plasmids pAS2.1 and pACT2, expressing GAL4 BD and AD, respectively, were 
used as controls. 
 
In order to elucidate the functional significance of the interaction between RGA 
and ZFAR1/2, trans-activation assays were performed. Co-transformation of 
Arabidopsis cell suspension protoplasts with a PDF1.2 promoter-GUS reporter 
construct and an effector plasmid carrying ORA59 fused to the CaMV 35S promoter 
resulted in strong activation of around 30-fold (Figure 4a). Combinations with effector 
plasmids carrying ZFAR1, ZFAR2 and/or JAZ1 caused repression of ORA59 activity 
(Figure 4a, Chapter 2). Co-expression of RGA with ZFAR1, ZFAR2 and/or JAZ1 had 
a positive effect on ORA59 activity (Figure 4a). MYC2 trans-activated a promoter 
containing a tetramer of the JA-responsive element (also called ‘D’ element) of the 
CrORCA3 promoter in the protoplast assay as previously report d (Montiel et al., 
2011). Co-expression of JAZ1 repressed MYC2-dependent 4D-GUS expression (Figure 
4b). An additional supply of RGA attenuated the repression of JAZ1 (Figure 4b). Thus, 
in agreement with previous studies, the activity of MYC2 was inhibited by JAZ1 but 
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promoted by RGA (Hou et al., 2010). Our results showed that the binding of RGA to 
JAZ1 and ZFAR1/2 was completely abolished by deletion of LZ1 (derivative 
RGA∆N2), whereas deletion of the DELLA region (derivatie RGA∆N) did not affect 
RGA binding to JAZ1 and ZFAR1/2 (Figure 2c and Figure 3). Hence, the LZ1 domain 
contributes to the interaction between RGA and JAZ1 or ZFAR1/2. This raised the 
question whether LZ1 contributes to modulation of ORA59 activity by RGA. As 
compared with RGA or RGA∆N, co-expression of RGA∆N2 with ZFAR1, ZFAR2 and 
JAZ1 resulted in reduced attenuation of their repression of ORA59 activity (Figure 5). 
These results strongly suggest that DELLA proteins modulate ORA59 activity through 




Figure 3. DELLA proteins interact with ZFAR1 and ZFAR2 in planta. YFP 
fluorescence images alone or merged with bright field mages of Arabidopsis 
cell suspension protoplasts co-transformed with constructs encoding the 
indicated fusion proteins with YFP at the C-terminus (YC) or the N-terminus 






Figure 4. ORA59 activity is modulated by RGA. (a) RGA relieves the 
repression of ORA59 by ZFAR1, ZFAR2 and/or JAZ1. (b) RGA relieves the 
repression of MYC2 by JAZ1. Arabidopsis cell suspensio  protoplasts were co-
transformed with plasmids carrying PDF1.2:GUS (2 µg) or 4D:GUS (2 µg) and 
overexpression vectors containing 35S:ORA59 (2 µg) or MYC2 (2 µg) and 
ZFAR1 (6 µg), ZFAR2 (6 µg), or JAZ1 (6 µg), and/or RGA (6 µg), as indicated. 
Protein concentrations were used to correct for differences in protein extraction 
efficiencies. Values represent means ± SE of triplicate experiments. 
 
RGA affects the interaction between ORA59 and ZFAR, and between ZFAR and 
JAZ1 in vitro 
 
To verify the interaction of protein-protein vitro, we performed pull-down 
assays using His-, HA- and Strep-tagged proteins (Figure 6). As shown in Figure 6a, 
HA-JAZ1 interacted with either His-ZFAR1 or His-ZFAR2. The positive control 
showed interaction between HA-JAZ1 and MYC2. In addition, His-ZFAR1 and His-
ZFAR2 interacted with HA-ORA59∆6 (Figure 6b and 6c) and with Strep-RGA but not 
with Strep-RGA∆N2 (Figure 6d). These data are consistent with the results from yeast 
two hybrid and BiFC assays. Our protoplast transactiv tion assay revealed that RGA 
modulated ORA59 activity through interaction with te repressors ZFAR and JAZ1 
(Figure 4 and Figure 5). We then investigated whether RGA affected the interaction 
between ORA59 and ZFAR, or between ZFAR and JAZ1 using competitive pull-down 
assays. The results showed that the interactions between His-ZFAR1/2 and HA-JAZ1 
were impaired by the addition of Strep-RGA, but not Strep-RGA∆N2 (Figure 6a). 
Similarly, Strep-RGA attenuated the interaction between His-ZFAR2 and HA-
ORA59∆6, but not between His-ZFAR1 and HA-ORA59∆6 (Figure 6b and 6c). In 
addition, Strep-RGA also impaired the interaction between His-MYC2 and HA-JAZ1 
consistent with the proposed ‘relief of repression’ model for DELLA function (Hou et 
al. 2010). Interestingly, HA-JAZ1 also attenuated the interaction between His-ZFAR2 
and Strep-RGA, but not between His-ZFAR1 and Strep-RGA (Figure 6d). Taken 
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together, these results demonstrate that RGA and ORA59 compete in vitro for binding 
to ZFAR. Also RGA and ZFAR compete for binding to JAZ1, which reveals that 
DELLAs could facilitate release of ORA59 from the ORA59/ZFAR/JAZ complex 




Figure 5. The LZ1 domain of RGA contributes to modulation of ORA59 
activity. (a) Transient assays of ORA59 activity upon co-expression of RGA 
derivatives. (b) RGA relieves the repression of MYC2 by JAZ1. Arabidopsis 
cell suspension protoplasts were co-transformed with plasmids carrying 
PDF1.2:GUS (2 µg) or 4D:GUS (2 µg) and overexpression vectors containing 
35S:ORA59 (2 µg) or MYC2 (2 µg) and ZFAR1 (6 µg), ZFAR2 (6 µg), or JAZ1 
(6 µg), or RGA (6 µg), or RGA∆N (6 µg) and or RGA∆N2 (6 µg), as indicated. 
Protein concentrations were used to correct for differences in protein extraction 
efficiencies. Values represent means ± SE of triplicate experiments. 
 
DELLA positively affects resistance against the necrotrophic fungus B. cinerea 
 
To investigate whether DELLA proteins regulate PDF1.2 expression in plants, 
Arabidopsis plants constitutively overexpressing RGA or GAI, and the pentuple della 
mutant with loss-of-function of all five DELLA genes were analyzed (Feng et al., 2008). 
The mutant dellla genes contain T-DNA or transposon insertions and do not give rise 
to the normal full-length transcripts (Feng et al., 2008). RNA gel blot analyses 
performed with two-weeks-old seedlings showed that e PDF1.2 gene was highly 
expressed in RGA and GAI overexpressing plants compared to wild type plants (Figure 




in RGA and GAI overexpression plants. This observation suggests tha  DELLA proteins 
modulate PDF1.2 gene expression in plants. The d lla mutant plants had the same 
basal and hormone-responsive expression levels of the PDF1.2 gene as wild type plants.  
Trans-activation assays and gene expression analysis of overexpression and mutant 
plants indicated that DELLA proteins are positive regulators of the JAs/ET mediated 
defense response pathway. To determine whether modulation of DELLA expression 
levels affects resistance against B. cinerea, disease resistance tests were performed for 
all genotypes (Figure 8). Eight mature leaves of five-weeks-old wild-type plants, della 
mutant plants, RGA and GAI overexpression plants were inoculated with B. cinerea, 
and disease progression was compared between genotyp s three days after inoculation. 
According to disease severity, leaf lesions were scored in three different classes I-III, as 
shown for representative leaves in Figure 8a. In RGA and GAI overexpression plants, 
approximately 65 % of infected leaves were distribued among the healthy class I after 
3 days of infection. However, wild-type plants and della mutant plants showed 
increased susceptibility with only 40% infected leav s in this class (Figure 8b). These 
results demonstrate that overexpression of RGA and GAI increase resistance to the 
necrotrophic pathogen. For gene expression analyses, RNA was extracted from primary 
infected (local) and distal (systemic) leaves that were collected 1, 2 and 3 days after 
inoculation. Inoculation of both RGA and GAI overexpression plants resulted in a 
slightly increased PDF1.2 mRNA level in systemic leaves (Figure 8c). These results 
show a strong correlation between the effects of RGA and GAI expression levels on 





The JAs and ET signal transduction pathways act synergistically in mediating 
plant defense against necrotrophic pathogens (Pieterse et al., 2009). ORA59, a member 
of the AP2/ERF-domain TF family in Arabidopsis, was shown to integrate JAs and ET 
signaling and to regulate the defense response against Botrytis infection (Pré et al., 
2008). Using yeast two-hybrid assays, we identified two CCCH zinc finger proteins 
ZFAR1 and ZAFR2 that act as repressors of ORA59 (Chapter 2). In addition, ZFAR 
proteins were shown to be adaptors that recruit JAZ1 to ORA59 to inhibit its basal 
activity (Chapter 2). In this study, we identified an interaction between DELLAs and 
ZFAR by yeast two-hybrid assays, in vitro pull-down and BiFC assays. Our results 
show that ZFARs interact with DELLAs in the plant nucleus and that overexpression of 
either RGA or GAI in plants increased resistance to B. cinerea. Trans-activation assays 
indicate that the activity of ORA59 was inhibited by ZFAR1/2 and/or JAZ1 but 
promoted by RGA. Therefore, our results demonstrate that DELLA proteins, the key 
repressors in the GA-signaling pathway, contribute positively to JAs/ET responses 
through direct interaction with ZFAR1/2 and JAZ1, rep essors of JAs signaling. 
GA was originally identified as the substance secret d by the necrotrophic 
fungus Gibberella fujikuroi that caused ‘foolish seedling’ disease in rice plants leading 
to abnormally long stems (Kurosawa, 1926; Yabuta and Sumiki, 1938; Navarro et al., 
2008). Supporting evidence for a role of GA in plant disease symptoms was provided 
by the findings that the outer capsid protein P2 of rice dwarf virus (RDV) interacts with 
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and represses the activity of rice ent-kaurene oxidases (KAO), which are key enzymes 
in the biosynthesis of bioactive GA1 (Zhu et al., 2005). In infected rice plants, the 
expression of KAO was reduced which leads to decreased levels of GA1 (Zhu et al., 
2005). In contrast, overexpression of the P450 monooxygenase ELONGATED 
UPPERMOST INTERNODE (EUI) which inactivates biologically active GAs resulted 
in rice plants that are more susceptible to bacterial and fungal pathogens (Zhu et al., 
2006; Yang et al., 2008). Previous studies in Arabidopsis show that DELLAs promote 
resistance to necrotrophs partly by altering JAs signaling (Navarro et al., 2008). These 
authors reported that the necrotrophic fungus Alternaria brassicicola infected 
gibberellic acid-insensitive (gai: encodes a mutant gai protein that lacks the DELLA 
domain causing a GA-insensitive dwarf phenotype) plants displayed earlier and 
stronger PDF1.2 mRNA induction (Navarro et al., 2008). In addition, the quadruple-
DELLA mutant (gai/rga/rgl1/rgl2) showed delayed PDF1.2 gene expression and was 
more susceptible to B. cinerea and A. brassicicola compared to Ler wild type plants 
(Navarro et al., 2008). All these results reveal that GA disables JAs/ET-mediated 
necrotroph resistance depending on DELLAs. However, ou  results showed that no 
clear differences in PDF1.2 mRNA levels and necrotroph resistance were observed in 
della pentuple mutant plants compared to Ler plants. It is possible that other unknown 
regulators modulate the expression of PDF1.2 when all five DELLA genes are 
disrupted. Interestingly, DELLAs physically interact with JAZ1, thereby blocking its 
ability to inhibit MYC2 activity (Hou et al., 2010). Furthermore, DELLAs also directly 
interact with MYC2, and repress MYC2 binding to the promoter of the JAs/GA 
responsive gene sesquiterpene synthase (Hong et al., 2012). Their conclusions provide 
new insights into the mechanism of DELLAs modulating JAs signaling. ORA59 is 
strictly required for the expression of PDF1.2 gene in response to JA, ET or both (Pré 
et al., 2008; Zarei et al., 2011). We demonstrate here that DELLAs modulate ORA59 
activity through interaction with the repressors ZFAR and JAZ1. This provides a 
mechanistic understanding of how JAs or JAs/ET signal ng could be fine-tuned by the 
GA signaling pathway through DELLAs. 
The DELLA family members are categorized as a subfamily of the GRAS 
family of proteins based on their sequence similarities (Pysh et al., 1999). The C-
termini of DELLA proteins contain several conserved motifs, including leucine zippers 
(LZ), and VHIID, PFYRE, and SAW motifs, whereas the N-terminus contains two 
conserved domains, DELLA (hence their name) and TVHYNP (Figure 2a) (Pysh et al., 
1999; Itoh et al., 2008). The gai-1 product lacking the N-terminal DELLA domain acts 
as a constitutive gain-of-function repressor whose function cannot be relieved by GA 
(Peng et al., 1999). In addition, deletion of the TVHYNP region also resulted in a GA-
insensitive dwarf phenotype (Itoh et al., 2002). Thus, the DELLA and TVHYNP motifs 
might be essential for GA-induced degradation. It turns out that the GA receptor GID1 
directly binds to the conserved DELLA and VHYNP motifs within the N-terminal 
domain of DELLA proteins in a GA-dependent manner (Ueguchi-Tanaka et al., 2005; 
Griffiths et al., 2006). The homopolymeric Ser/Thr/Val-rich (poly S/T/V) domain is 
believed to be involved in the regulation of DELLA function by phosphorylation (Itoh 
et al., 2005; Silverstone et al., 2007; Dai and Xue, 2010). The C-terminal domains 
VHIID, RFYRE, and SAW are essential for the suppression function of DELLA (Itoh 




interaction, and is essential for the repressive function of DELLA and GA-induced 
degradation (Itoh et al., 2002). Biochemical analysis revealed that the LZ motif is 
required for regulating degradation and repression of DELLA proteins (Wang et al., 
2009). Interestingly, it was demonstrated that the LZ1 domain of RGA contributes to 
RGA function and to the interaction between RGA andJAZ1 (Hou et al., 2010). We 
observed that the LZ1 domain is essential for the int raction between ZFAR and RGA, 




Figure 6. RGA competes with the binding of ORA59 to ZFAR and with the 
binding of ZFAR to JAZ1. (a) In vitro interaction between His-ZFAR1/2 and 
HA-JAZ1 or between His-MYC2 and HA-JAZ1 is weakened by Strep-RGA. 
HA-JAZ1 protein combined with Strep-RGA or Strep-RGA∆N2 was incubated 
with immobilized His-MYC2, His-ZFAR1 or His-ZFAR2. The immuno- 
precipitated fractions were detected with anti-HA antibody. Input was detected 
with anti-His antibody. (b) and (c) In vitro interaction between His-ZFAR1 (b) 
or His-ZFAR2 (c) and HA-ORA59∆6 is impaired by Strep-RGA. His-ZFAR1 or 
His-ZFAR2 protein combined with Strep-RGA or Strep-RGA∆N2 was 
incubated with immobilized HA-ORA59∆6. The immunoprecipitated fractions 
were detected by anti-His antibody. Input was detect d with anti-HA antibody. 
(d) In vitro interaction between His-ZFAR1 or His-ZFAR2 and Strep-RGA or 
Strep-RGA∆N2 is weakened by HA-JAZ1. HA-JAZ1 protein combined with 
Strep-RGA or Strep-RGA∆N2 was incubated with immobilized His-ZFAR1 or 
His-ZFAR2. The immunoprecipitated fractions were detected by anti-Strep 
antibody. Input was detected with anti-His antibody. 
 





Figure 7. Analysis of PDF1.2 gene expression in Arabidopsis wild-type plants 
(Ler), della mutants and transgenic plants overexpressing the RGA or GAI gene. 
Two-week-old Arabidopsis seedlings treated for the indicated times with the 
solvents DMSO (mock), 50 µM JA, 100 µM GA alone or with both hormones. 
The RNA gel blots were hybridized with the indicated probes. The ROC probe 
was used to verify RNA loading. All panels hybridized with the same probe 
were on the same blot and exposed to film for the same time, therefore signal 
intensities can be directly compared.  
 
The ‘relief of repression’ model proposes that GA promotes plant growth and 
development via the degradation of DELLA proteins which interact with multiple 
targets that control gene transcription (Harberd et al., 2009; Hou et al., 2010; Sun, 2011; 
Hauvermale et al., 2012). It has been reported that DELLA target genes lack conserved 
DELLA-responsive cis-elements, indicating that DELLA function as co-activa ors or 
co-repressors by associating with other DNA-binding transcription factors to regulate 
gene expression (Zentella et al., 2007). The first supporting evidence for this idea was 
provided by the findings that DELLA proteins directly interact with the bHLH 
transcription factors PIF3 and PIF4 (PHYTOCHROME INTERACTING FACTOR 3 
and 4) to mediate light control of hypocotyl elongation in Arabidopsis (de Lucas et al., 
2008; Feng et al., 2008). SCL (SCARECROW-LIKE 3) is a positive regulator of GA 
signaling, since the scl3 mutant shows reduced seed germination, shoot elongati , and 
root elongation (Heo et al., 2011; Zhang et al., 2011). SCL3 and the DELLA protein 
RGA appear to act oppositely in modulating target gene expression by direct protein-
protein interaction (Heo et al., 2011; Zhang et al., 2011). In addition, DELLAs directly 




effect of JAZ on the activity of MYC2 (Hou et al., 2010). It is interesting that JA and 




Figure 8. Modulation of DELLA expression levels affects resistance against the 
necrotrophic fungus Botrytis cinerea. Disease severity was scored in 
Arabidopsis wild-type plants (Ler), della mutants and transgenic plants 
overexpressing the RGA or GAI gene. Disease ratings were performed 3 days 
after inoculation. (a) Representative disease symptoms at 3 days after 
inoculation. Class I, non-spreading lesion; II, spreading lesion surrounded by a 
chlorotic halo; III, spreading lesion with extensive tissue maceration. (b) 
Distribution of disease severity classes. Disease severity is expressed as the 
percentage of leaves falling in disease severity classes. Data represent 150 
leaves of 26 plants per genotype. Disease resistance tests were performed at the 
same time for all genotypes. The differences between genotypes were analyzed 
with Pearson’s Chi-squared test (* = p < 0.05, ** = p < 0.01). (c) Leaves from 
non-infected control plants (M), infected local (L) and non-infected systemic (S) 
leaves from several inoculated plants of each genotype were collected at day 1, 
day 2 and day 3 after inoculation (dpi) with B. cinerea and RNA was extracted. 
The RNA gel blot was hybridized with the indicated probes. The ROC probe 
was used to verify RNA loading. 
 
suggesting a positive feedback loop (Wild et al., 2012). Recently, DELLAs, 
represented by RGA, interact with MYC2 and repressed the expression of 
sesquiterpene synthase genes TPS21 and TPS11 which were directly activated by 
MYC2 through the E-box promoter element (CATATG) (Hong et al., 2012). As 
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described earlier, SWI3C, the core component of Arabidopsis SWI/SNF-type 
chromatin-remodeling complexes (CRCs), is capable of binding to the DELLA proteins 
RGL2 and RGL3, which affect transcriptional activaton of GID1 and GA3ox genes 
controlling GA perception and biosynthesis, respectiv ly (Sarnowska et al., 2013). 
Consistent with the widely accepted DELLA-regulator/protein-protein interaction 
model, our results show that DELLAs interact with the repressors ZFAR/JAZ1, thereby 
blocking their ability to bind and inhibit ORA59 in the JAs/ET responsive signaling 
pathway (Figure 9). In conclusion, DELLAs act as positive regulators of both the JAs 
and JAs/ET responses by blocking repressor action through protein-protein interaction. 
Taken together, the model presented in this study has revealed that DELLA mediates 
crosstalk between the GA pathway and the JAs/ET pathway by direct protein-protein 
interactions. It is fascinating that DELLAs interact with both ZFAR and JAZ1 which 
function as repressors of JAs/ET responsive ORA59 activity. The interaction between 
DELLAs and ZFARs may also affect abiotic stress responses, since ZFARs are 
involved in salt stress responses (Sun et al., 2007). Further comparative investigation of 
the regulatory mechanisms of DELLA-ZFAR interaction will provide a better 
understanding of plant responses to abiotic and biotic stresses. 
 
 
Figure 9. Model of ORA59 activity modulated by DELLA proteins. The 
transcription factor ORA59 positively regulates the expression of the JAs/ET-
responsive gene PDF1.2. Without JAs, stabilized JAZ1 interacts with ZFAR, 
thereby inhibiting ORA59 activity. JAs induce degradation of JAZ1 via the 
SCFCOI1 complex and the 26S proteasome to release ORA59 that in turn 
activates the expression of PDF1.2. Without GA, stabilized DELLAs bind to the 
repressors JAZ1 and/or ZFARs and facilitate the relase of ORA59 to activate 




JAZ1 and promotes the formation of a JAZ1-ZFAR-ORA59 complex, thus 
repressing the expression of JAs/ET-responsive genes. 
 
Materials and Methods 
 
Yeast two hybrid assays 
 
Full-length RGA, GAI, RGL1, RGL2, RGL3 and RGA deletion derivatives cloned 
in pACT2 (acc. No. U29899) were co-transformed with empty pAS2.1 (acc. No. 
U30497), pAS2.1-ZFAR1, pAS2.1-ZFAR2 and pAS2.1-JAZ1, respectively, to yeast 
strain PJ69-4A (James et al., 1996). RGA (At2g01570) and deletion derivatives were 
PCR amplified with the primer set 5’-GCC ATG GAA GA CTC ATG AAG AGA 
GAT CAT CAC CAA TTC-3’ and 5’-GGA TCC TCT AGA TCA GTA CGC CGC 
CGT CGA GAG TTT C-3’ for RGA, 5’-GCC ATG GAA GAG CTC ACG GCG GCG 
GGT GAG TCA ACT CGT TC-3’ and 5’-GGA TCC TCT AGA TCA GTA CGC CGC 
CGT CGA GAG TTT C-3’ for RGA∆N (597-1764), 5’-GCC ATG GAA GAG CTC 
GCC GAA GCT TTA GCG CGG CGG ATC TAC C-3’ and 5’-GGA TCC TCT AGA 
TCA GTA CGC CGC CGT CGA GAG TTT C-3’ for RGA∆N2 (795-1764), digested 
with NcoI and BamHI and cloned in pACT2. GAI (At1g14920) was PCR amplified 
with the primer set 5’-GCC ATG GAA GAG CTC ATG AAG AGA GAT CAT CAT 
CAT CAT C-3’ and 5’-GGA TCC TCT AGA CTA ATT GGT GGA GAG TTT CC-3’, 
digested with NcoI and BamHI and cloned in pACT2. RGL1 (At1g66350) was PCR 
amplified with the primer set 5’-CGG GAT CCG AAT GAA GAG AGA GCA CAA 
CCA C-3’ and 5’-CGA GCT CTT ATT CCA CAC GAT TGA TTC-3’, digested with 
BamHI and SacI and cloned in pACT2 digested with BamHI and SacI. RGL2 
(At3g03450) was PCR amplified with the primer set 5’-GCC ATG GAG ATG AAG 
AGA GGA TAC GGA GAA AC-3’ and 5’-TCC CCC GGG TCA GGC GAG TTT 
CCA CGC CG-3’, digested with NcoI and SmaI and cloned in pACT2. RGL3 
(At5g17490) was PCR amplified with the primer set 5’-TCC CCC GGG GAT GAA 
ACG AAG CCA TCA AGA AAC-3’ and 5’-CGA GCT CCT ACC GCC GCA ACT 
CCG CCG C-3’, digested with SmaI and SacI and cloned in pACT2. ZFAR1 
(At2g40140) was digested from pACT2 with SmaI and XhoI, and cloned in pAS2.1 
digested with SmaI and SalI. ZFAR2 (At3g55980) was PCR amplified with primers set 
5’-GAT CCA TAT GTG CAG TGG ACC AAA GAG CAA TC-3’ and 5’-GTC AGG 
ATC CTT ACA CCA CAG TCT GCT CCT TCT C-3’, digested with NdeI and BamHI 
and cloned in pAS2.1. The JAZ1 (At1g19180) was amplified with primers 5’-CGG 
GAT CCG TCG ACG AAT GTC GAG TTC TAT GGA ATG TTC-3’ and 5’-CGG 
GAT CCC GTC GAC TCA TAT TTC AGC TGC TAA ACC G-3’, digested with 
BamHI and cloned in pAS2.1. Interaction assays were performed by co-transformation 
of bait and prey plasmids into yeast strain PJ69-4A according to a yeast transformation 
protocol modified from Gietz et al. (1992), and plated on SD-LW medium. As control, 
empty pAS2.1 and pACT2 were used. Transformants were allowed to grow for 4-5 
days. Subsequently, cells were incubated for 16 hours in liquid SD-LW and 10 µl of 
100-fold dilutions were spotted on solid SD-LWH supplemented with increasing 3-AT 
concentrations ranging from 0 to 50 mM. Yeast cells were allowed to grow for 7 days 
at 30 °C. 
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Plant materials, growth conditions and chemical treatments 
 
Arabidopsis thaliana zfar1(SALK_024800)/zfar2(SALK_141550) double 
mutant plants are in the genetic background of ecotype Col-0, whereas pentuple 
homozygous mutant (gai/rga/rgl1/rgl2/rgl3) (N16298) plants, RGA (N16291) and GAI 
(N16293) overexpression plants in Landsberg erecta (Ler) background have been 
described before (Feng et al., 2008). All these T-DNA knockout lines were obtained 
from NASC. Seeds were surface-sterilized in a closed container with chlorine gas for 
three hours (http://plantpath.wisc.edu/~afb/vapster.html). Surface-sterilized seeds were 
grown on plates containing MA (Masson and Paszkowski, 1992) medium 
supplemented with 0.6% agar. Following stratification for 3 days at 4°C, seeds were 
first incubated at 21°C in a growth chamber (16 h lig t/8 h dark, 2500 lux) for 10 days 
or at 12 h light/12 h dark light regime for pathogen assays. For treatments, seedlings 
were first grown on solid MA medium for 10 days, supplemented with 40 mg/L 
gentamicin for RGA and GAI overexpressing lines. Twenty to 25 seedlings were 
transferred to 50 ml polypropylene tubes (Sarstedt, Nümbrecht, Germany) containing 
10 ml liquid MA medium without antibiotic and incubated on a shaker at 120 rpm for 4 
additional days before treatment. Seedlings were trated for different time periods with 
50 µM JA (Sigma-Aldrich, St. Louis, MO) dissolved in dimethylsulfoxide (DMSO; 
0.05% final concentration), 1 mM of the ET-releasing compound ethephon (Sigma-
Aldrich) dissolved in 50 mM sodium phosphate pH 7 (0.5 mM final concentration), 1 
mM SA dissolved in water (pH 6.2), 100 µM GA3 dissolved in DMSO, or a 
combination of JA and ethephon, JA and SA, JA and GA3 or JA, ethephon and GA3. As 
controls, seedlings were treated with 0.05% DMSO and 0.5 mM sodium phosphate pH 
7. 
 
Arabidopsis protoplast transactivation assays 
 
The ORA59 (At1g06160) open reading frame (ORF) amplified from Arabidopsis 
genomic DNA using the primer set 5’-CGG GAT CCA TAT GGA ATA TCA AAC 
TAA CTT C-3’ and 5’-CGG GAT CCT CAA GAA CAT GAT CTC ATA AG-3’ was 
digested with BamHI and cloned into pRT101 (Töpfer et al., 1987). ZFAR1 (At2g40140) 
was digested from pACT2 with SmaI and SpeI and cloned in pRT101 digested with 
SmaI and XbaI. ZFAR2 (At3g55980) was PCR amplified with the primer set 5'-TCA 
ATG TGC AGT GGA CCA AAG AGC-3' and 5'-CAG TGG TAC CCT CGA GTA 
CCA CAG TCT GCT CCT TCT C-3', digested at one end with KpnI and cloned in 
pRT101 digested with XhoI (filled in with T4 DNA polymerase) and KpnI. The JAZ1 
(At1g19180) ORF was PCR-amplified using the primer set 5’-CGG AT CCG TCG 
ACG AAT GTC GAG TTC TAT GGA ATG TTC-3’ and 5’- CGG GAT CCC GTC 
GAC TCA TAT TTC AGC TGC TAA ACC G-3’, digested with BamHI and cloned in 
pRT101. The RGA (At2g01570) ORF and deletion derivatives DNA fragments were 
PCR amplified with the primer sets 5’-GCC ATG GAA GA  CTC ATG AAG AGA 
GAT CAT CAC CAA TTC-3’ and 5’-GGA TCC TCT AGA TCA GTA CGC CGC 
CGT CGA GAG TTT C-3’ for RGA, 5’-GCC ATG GAA GAG CTC ACG GCG GCG 




CGT CGA GAG TTT C-3’ for RGA∆N (597-1764), 5’-GCC ATG G AA GAG CTC 
GCC GAA GCT TTA GCG CGG CGG ATC TAC C-3’ and 5’-GGA TCC TCT AGA 
TCA GTA CGC CGC CGT CGA GAG TTT C-3’ for RGA∆N2 (795-1764), digested 
with SacI and XbaI and cloned in pRT101. MYC2 in pRT101 was described previously 
(Montiel et al., 2011). The tetramerized ORCA3 promoter fragment D cloned in 
reporter plasmid GusSH-47 was described previously (Vom Endt et al., 2007). The 
PDF1.2 (At5g44420) promoter was PCR-amplified using the primer set 5’-CGG GAT 
CCC CAT TCA GAT TAA CCA GCC GCC C-3’ and 5’-GCG TCG ACG ATG ATT 
ATT ACT ATT TTG TTT TCA ATG-3’ digested with BamHI and SalI and cloned in 
plasmid GusXX (Pasquali et al. 1994; Zarei et al., 2011). Protoplasts were isolated 
from Arabidopsis cell suspension ecotype Col-0 and plasmid DNA was introduced by 
polyethylene glycol (PEG)-mediated transfection as previously described (Schirawski 
et al., 2000). Co-transformation with plasmids carrying PDF1.2-promoter-GUS or 4D-
GUS and effector plasmids carrying ZFAR1, ZFAR2, RGA, RGA∆N, RGA∆N2, ORA59, 
MYC2 or JAZ1 fused to the CaMV 35S promoter were carried out. To study a possible 
effect of RGA interaction with the regulators, a ratio of 2:6:6:6 or 2:6:6:12 (µg GUS: 
ZFAR: JAZ1: RGA: effector plasmid) was chosen. As controls, co-transformations of 
PDF1.2-promoter-GUS or 4D-GUS with the empty pRT101 expression vector were 
used. Protoplasts were incubated at 25°C for at least 16 hrs prior to harvesting by 
centrifugation and immediately frozen in liquid nitrogen. GUS activity assays were 
performed as described (van der Fits and Memelink, 1997). GUS activities from 
triplicate transformations were normalized against total protein content to correct for 
differences in protein extraction efficiencies. 
 
Arabidopsis protoplast transformation and microscopic analysis 
 
Primer sets used for BiFC cloning were: 5’-GA TCG TCG ACA ATG AAG 
AGA GAT CAT CAC CAA TTC-3’ and 5’-GC AAG CGG CCG CGT GTA CGC 
CGC CGT CGA GAG TTT C-3’ for RGA cloning with SalI and NotI in pRTL2-EEYN 
(728) and -HAYC (738); 5’-GA TCG TCG ACA ATG AAG AGA GAT CAT CAC 
CAA TTC-3’ and 5’-CG GGA TCC TCA GTA CGC CGC CGT CGA GAG TTT C-3’ 
for RGA cloning with SalI and BamHI in pRTL2-YNEE (736) and -YCHA (735); 5’-
GAT CGT CGA CAA TGA CGG CGG CGG GTG AGT CAA CTC G-3' and 5’-CG 
GGA TCC TCA GTA CGC CGC CGT CGA GAG TTT C-3’ for RGA∆N cloning with 
SalI and BamHI in pRTL2-YNEE,  -YCHA, -EEYN and -HAYC; 5’-GAT CGT CGA 
CAA TGA CGG CGG CGG GTG AGT CAA CTC G-3’ and 5’-GAT CGT CGA CAA 
TGG CCG AAG CTT TAG CGC GGC GGA TC-3’ for RGA∆N2 cloning with SalI 
and BamHI in pRTL2-YNEE,  -YCHA, -EEYN and -HAYC; 5’-GAT CGT CGA CAA 
TGA AGA GAG ATC ATC ATC ATC ATC-3’ and 5’-GCA AGC G C CGC GTA 
TTG GTG GAG AGT TTC CAA GCC-3’ for GAI cloning with SalI and NotI in 
pRTL2-EEYN and -HAYC; 5’-CCG GAC TAG TAT GAA GAG AGA TCA TCA 
TCA TCA TC-3’ and 5’-CGG GAT CCC TAA TTG GTG GAG AGT TTC CAA G-3’ 
for GAI cloning with SpeI and BamHI in pRTL2-YNEE and -YCHA; 5’-GAT CGT 
CGA CAA TGA AGA GAG AGC ACA ACC AC-3’ and 5’-GCA AGC GGC CGC 
GTT TCC ACA CGA TTG ATT CGC CAC GC-3’ for RGL1 cloning with SalI and 
NotI in pRTL2-EEYN and -HAYC; 5’-CCG GAC TAG TAT GAA GAG AGA GCA 
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CAA CCA C-3’ and 5’-CGG GAT CCT TAT TCC ACA CGA TTG ATT CGC CAC-
3’ for RGL1 cloning with SpeI and BamHI in pRTL2-YNEE and -YCHA; 5’-GAT 
CGT CGA CAA TGA AGA GAG GAT ACG GAG AAA C-3’ and 5’-GCA AGC 
GGC CGC GTG GCG AGT TTC CAC GCC GAG GTT G-3’ for RGL2 cloning with 
SalI and NotI in pRTL2-EEYN and -HAYC; 5’-GAT CGT CGA CAA TGA AGA 
GAG GAT ACG GAG AAA C-3’ and 5’-CAG TAG ATC TTC AGG CGA GTT TCC 
ACG CCG AGG-3’ for RGL2 cloning with SalI and BglII in pRTL2-YNEE and -
YCHA; 5’-GAT CGT CGA CAA TGA AAC GAA GCC ATC AAG AAA C-3’ and 
5’-GCA AGC GGC CGC GTC CGC CGC AAC TCC GCC GCT AG-3’ for RGL3 
cloning with SalI and NotI in pRTL2-EEYN and -HAYC; 5’-GAT CGT CGA CAA 
TGA AAC GAA GCC ATC AAG AAA C-3’ and 5’-CAG TAG ATC TCT ACC GCC 
GCA ACT CCG CCG C-3’ for RGL3 cloning with SalI and BglII in pRTL2-YNEE and 
-YCHA; 5’-GTC AAC TAG TAT GTG CGG TGC AAA GAG CAA CC-3’ and 5’-
CAG TGG ATC CTT ATG CCA CAA TCT GCT GCT CAT GG-3’ for ZFAR1 
cloning with SpeI and BamHI in pRTL2-YNEE and -YCHA; 5’-GTA CGC GGC CGC 
TTA TGT GCG GTG CAA AGA GCA ACC-3’ and 5’-GCA AGC GC CGC GTT 
GCC ACA ATC TGC TGC TCA TGG TC-3’ for ZFAR1 cloning with NotI in pRTL2-
EEYN and -HAYC; 5’-GTA CGT CGA CAA TGT GCA GTG GAC AA AGA GC-
3’ and 5’-GCA AGC GGC CGC GTC ACC ACA GTC TGC TCC TTC TC-3’ for 
ZFAR2 cloning with SalI and NotI in pRTL2-EEYN and -HAYC; 5’-GTA CGT CGA 
CAA TGT GCA GTG GAC CAA AGA GC-3’and 5’-CAG TAG ATC TTT ACA 
CCA CAG TCT GCT CCT TCT C-3’ for ZFAR2 cloning with SalI and BglII in 
pRTL2-YNEE and -YCHA; 5’-GTC ACA TAT GAG ATG ACT GAT TAC CGG 
CTA CAA CC-3’ and 5’-CAG TAG ATC TTT AAC CGA TTT TTG AAA TCA AAC 
TTG C-3’ for AtMYC2 cloning with NdeI and BglII in pRTL2-YNEE and -YCHA; 5’-
GTA CGC GGC CGC TTA TGA CTG ATT ACC GGC TAC AAC C-3’ and 5’-GCA 
AGC GGC CGC GTA CCG ATT TTT GAA ATC AAA CTT GC-3’ for AtMYC2 
cloning with NotI in pRTL2-EEYN and -HAYC; 5’-GAT CGT CGA CAA TGT CGA 
GTT CTA TGG AAT GTT C-3’ and 5’-GAC TCA TAT GTT CAT ATT TCA GCT 
GCT AAA CCG AGC-3’ for JAZ1 cloning with SalI and NdeI in pRTL2-YNEE and -
YCHA; 5’-GAT CGT CGA CAA TGT CGA GTT CTA TGG AAT GT C-3’ and 5’-
GCA AGC GGC CGC GTT ATT TCA GCT GCT AAA CCG AGC-3’ for JAZ1 
cloning with SalI and NotI in pRTL2-EEYN and -HAYC. PCR-amplified inserts were 
digested with the restriction enzymes mentioned above and cloned in the mentioned 
pRTL2 derivatives digested with the corresponding enzymes (Bracha-Drori et al., 
2004). Co-transformation with 10 µg each of plasmids carrying N-terminal YFP fused 
protein (728 and 736) and C-terminal YFP fused protein (738 and 735) were introduced 
by PEG-mediated transfection as previously described into Arabidopsis protoplasts 
(Schirawski et al., 2000). Images of transfected protoplasts were acquired with a Leica 
DM IRBE confocal laser scanning microscope equipped with an Argon laser line of 
488 nm (excitation) and a band pass emission filterof 500- 550 nm. 
 
In vitro  pull-down assay 
 
To produce HA-tagged proteins, ORA59∆6 was amplified with the primer set 




GGA GTG AGG AAA C-3’ and 5’-GGT ACC TCA AGA ACA TGA TCT CAT AAG 
C-3’, 5’-GCT AGC TAT CCT TAC GAC GTG CCT GAC TAC GC ATG TCG AGT 
TCT ATG GAA TGT TC-3’ and 5’-GGT ACC TCA TAT TTC AGC TGC TAA ACC 
GAG-3’ for JAZ1, digested with NheI and KpnI and cloned in pASK-IBA45plus. To 
produce His-tagged proteins, MYC2 was amplified with the primer set 5’-CTA GCT 
AGC ATG ACT GAT TAC CGG CTA CAA C-3’ and 5’-GGG GTA CCG AAC CGA 
TTT TTG AAA TCA AAC TTG C-3’, 5’-CTA GCT AGC ATG TGC GGT GCA 
AAG AGC AAC C-3’ and 5’-GGG GTA CCG ATG CCA CAA TCT GCT GCT CAT 
GGT C-3’ for ZFAR1, 5’-CTA GCT AGC ATG TGC AGT GGA CCA AAG AGC 
AAT C-3’ and 5’-GGG GTA CCG ACA CCA CAG TCT GCT CCT CT C-3’ for 
ZFAR2, digested with NheI and KpnI and cloned in pASK-IBA45plus. To produce 
Strep-tagged proteins, RGA and RGA∆N2 were amplified with the primer set 5’-CGG 
GAT CCC ATG AAG AGA GAT CAT CAC CAA TTC-3’ and 5’-CGG GAT CCC 
GCC GAA GCT TTA GCT CGG CGG ATC-3’ for RGA, 5’-ATC AT GGT CAG 
TAC GCC GCC GTC GAG AGT TTC-3’ and 5’-CGG GAT CCC GCC GAA GCT 
TTA GCT CGG CGG ATC-3’ for RGA∆N2 (795-1764), digested with BamHI and 
NcoI and cloned in pASK-IBA45plus. These constructs were transformed into E.coli 
strain BL21 (DE3) pLysS selecting on 50 µg/mL chloramphenicol and 200 µg/mL 
carbenicillin, and protein expression was induced by 0.2 µg/mL anhydrotetracylin. The 
soluble His fusion proteins were extracted and immobilized onto Ni-NTA agarose 
beads (Qiagen), and the soluble Strep fusion proteins were extracted and immobilized 
onto strep-tactin sepharose (IBA), whereas the soluble HA-fusion proteins were 
extracted (B-PER Bacterial Protein Extraction Reagent) and immobilized onto anti-HA 
agarose beads (Thermo Scientific). 
For pull-down assays, 2 µg His-ZFAR1/2, HA-JAZ1, and Strep-RGA or Strep-
RGA∆N2 was incubated with the immobilized HA-ORA59∆6, His-MYC2, and His-
ZFAR1/2 fusion proteins at 4°C for 1 h, respectively. Proteins retained on the beads 
were subsequently resolved by SDS-PAGE and detected with anti-His antibody 
(Qiagen), anti-HA antibody (Roche) or anti-Strep antibody (IBA). For competitive 
pull-down assays, 2 µg His-ZFAR1/2 and HA-JAZ1 with 12 µg Strep-RGA or 12 
µgStrep-RGA∆N2,  and 2 µg Strep-RGA or Strep-RGA∆N2 with 12 µgHA-JAZ1, 
were incubated with immobilized HA-ORA59∆6 (2 µg) and His-ZFAR1/2 and His-
MYC2 (2 µg) at 4°C for 1 h, respectively. Proteins retained on the beads were resolved 
by SDS-PAGE and detected with anti-His, anti-HA or anti-Strep antibody, respectively. 
Detection was carried out by incubating the blots in 6 ml of the Western Lightning 
Ultra reagent (PerkinElmer) and exposure to X-ray films (Fuji). 
 
Botrytis cinerea pathogen assay 
 
Plant seedlings germinated in sand were transferred to individual pots containing 
sterile soil and randomly distributed in trays. Seedlings were cultivated for another 2 
weeks in a growth chamber with an 8 h day (1400 lux at 24°C) and 16 h night (20°C) 
cycle at 65% relative humidity. B. cinerea was grown on potato dextrose agar plates for 
2 weeks at 22°C. Spores were harvested as described by Broekaert et al. (1990). For 
inoculation with fungal pathogens, 3 µL droplets of spore suspension were deposited 
on 6-8 mature leaves of each plant. Inocula consisted of 5x105-1x106 spores/mL of B. 
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cinerea incubated in half-strength potato dextrose broth fr 2 hours prior to inoculation. 
After inoculation, plants were maintained under high relative humidity with the same 
temperature and photoperiod conditions. In each experiment, 26 plants per genotype 
were inoculated. Control plants were not inoculated but kept under the same growing 
conditions.  
Disease ratings were assessed at day 1, day 2 and day 3 after inoculation with B. 
cinerea. Disease ratings were assigned to the inoculated leaves of each plant, as 
described by Ton et al. (2002) with minor modificatons. Briefly, intensity of disease 
symptoms and lesion size were classified: I, non-spreading lesion; II, spreading lesion 
surrounded by a chlorotic halo; III, spreading lesion with extensive tissue maceration. 
For gene expression analysis, 5 infected and several non-infected leaves from 5 
inoculated plants of each genotype were collected daily for 3 days after B. cinerea 
infection. Leaf tissues were pooled and frozen in liquid nitrogen and after stored at –
80°C.  
 
RNA extraction and Northern blot analyses 
 
Total RNA was extracted from frozen tissue by phenol/chloroform extraction 
followed by overnight precipitation with 2 M lithium chloride, washed with 70 % 
ethanol, and resuspended in water. For RNA-blot analysis, 10 µg RNA samples were 
subjected to electrophoresis on 1.5% agarose/1% formaldehyde gels, and blotted to 
GeneScreen nylon membranes (Perkin-Elmer Life Sciences, Boston, MA, 
http://www.perkinelmer.com). Probes were 32P-labeled by random priming. (Pre-) 
hybridization of blots, hybridization of probes and subsequent washings were 
performed as described (Memelink et al., 1994) with minor modifications. Blots were 
exposed to X-ray films (Fuji). DNA fragments used as probes were PCR amplified 
from Arabidopsis genomic DNA. The following primer sets were used: 5’-AAT GAG 
CTC TCA TGG CTA AGT TTG CTT CC-3’ and 5’-AAT CCA TG AAT ACA CAC 
GAT TTA GCA CC-3’ for PDF1.2 (At5g44420); 5’-CGG GAA GGA TCG TGA TGG 





M. Z. (grant no. 2009691027) and K. Z. (grant no. 2011660020) were supported 





Broekaert WF, Terras FRG, Cammue BPA, Vanderleyden J (1990) An automated 
quantitative assay for fungal growth. FEMS (Fed EurMicrobiol Soc) Microbiol 
Lett 69: 55-60 
Bracha-Drori K, Shichrur K, Katz A, Oliva M, Angelo vici R, Yalovsky S, Ohad N 
(2004) Detection of protein-protein interactions in plants using bimolecular 




Cao D, Cheng H, Wu W, Soo HM, Peng JR (2006) Gibberellin mobilizes distinct 
DELLA-dependent transcriptomes to regulate seed germination and floral 
development in Arabidopsis. Plant Physiol 142: 509-525 
Cheng Z, Sun L, Qi T, Zhang B, Peng W, Liu Y, Xie D (2011) The bHLH 
transcription factor MYC3 interacts with the jasmonate ZIM-domain proteins to 
mediate jasmonate response in Arabidopsis. Mol Plant 4: 279-288 
Chini A, Fonseca S, Fernández G, Adie B, Chico JM, Lorenzo O, García-Casado 
G, López-Vidrie ro I, Lozano FM, Ponce MR, Micol JL, Solano R (2007) The 
JAZ family of repressors is the missing link in jasmonate signaling. Nature 448: 
666-671 
Dai C, Xue HW (2010) Rice early flowering1, a CKI, phosphorylates DELLA protein 
SLR1 to negatively regulate gibberellin signalling. EMBO J 29: 1916-1927 
de Lucas M, Daviere JM, Rodriguez-Falcon M, Pontin M, Iglesias-Pedraz JM, 
Lorrain S, Fankhauser C, Blazquez MA, Titarenko E, Prat S (2008) A 
molecular framework for light and gibberellin control of cell elongation. Nature 
451: 480-484 
Devoto A, Nieto-Rostro M, Xie D, Ellis C, Harmston R, Patrick E, Davis J, 
Sherratt L, Coleman M, Turner JG (2002) COI1 links jasmonate signaling and 
fertility to the SCF ubiquitin-ligase complex in Arabidopsis. Plant J 32: 457-466 
Dill A, Jung HS, Sun TP (2001) The DELLA motif is essential for gibberellin-
induced degradation of RGA. Proc Natl Acad Sci USA 98: 14162-16167 
Dill A, Thomas SG, Hu J, Steber CM, Sun TP (2004) The Arabidopsis F-box protein 
SLEEPY1 targets gibberellin signaling repressors for gibberellin-induced 
degradation. Plant Cell 16: 1392-1405 
Feng S, Martinez C, Gusmaroli G, Wang Y, Zhou J, Wang F, Chen L, Yu L, 
Iglesias-Pedraz JM, Kircher S, Schäfer E, Fu X, Fan LM, Deng XW (2008) 
Coordinated regulation of Arabidopsis thaliana development by light and 
gibberellins. Nature 451: 475-479 
Fernández-Calvo P, Chini A, Fernández-Barbero G, Chico JM, Gimenez-Ibanez S, 
Geerinck J, Eeckhout D, Schweizer F, Godoy M, Franco-Zorrilla JM, 
Pauwels L, Witters E, Puga MI, Paz-Ares J, Goossens A, Reymond P, De 
Jaeger G, Solano R (2011) The Arabidopsis bHLH transcription factors MYC3 
and MYC4 are targets of JAZ repressors and act additively with MYC2 in the 
activation of jasmonate responses. Plant Cell 23: 701-715 
Feys BF, Benedetti CE, Penfold CN, Turner JG (1994) Arabidopsis mutants 
selected for resistance to the phytotoxin coronatine are male sterile, insensitive to 
methyl jasmonate, and resistant to a bacterial pathogen. Plant Cell 6: 751-759 
Fonseca S, Chico JM, Solano R (2009) The jasmonate pathway: the ligand, the 
receptor and the core signalling module. Curr Opin Plant Biol 12: 539-554 
Gietz D, St Jean A, Woods RA, Schiestl RH (1992) Improved method for high 
efficiency transformation of intact yeast cells. Nucleic Acids Res 20: 1425 
Gomi K, Sasaki A, Itoh H, Ueguchi-Tanaka M, Ashikari M, Kitano H, Matsuoka 
M  (2004) GID2, an F-box subunit of the SCF E3 complex, specifically interacts 
with phosphorylated SLR1 protein and regulates the gibberellin-dependent 
degradation of SLR1 in rice. Plant J 37: 626-634 
DELLAs repress ZFAR and JAZ1 activity 
83 
Griffiths J, Murase K, Rieu I, Zentella R, Zhang ZL, Powers SJ, Gong F, Phillips 
AL, Hedden P, Sun TP, Thomas SG (2006) Genetic characterization and 
functional analysis of the GID1 gibberellin receptors in Arabidopsis. Plant Cell 18: 
3399-3414 
Harberd NP, Belfield E, Yasumura Y (2009) The angiosperm gibberellin-GID1-
DELLA growth regulatory mechanism: how an ‘inhibitor f an inhibitor’ enables 
flexible response to fluctuating environments. Plant Cell 21: 1328-1339 
Hauvermale AL, Ariizumi T, Steber CM  (2012) Gibberellin signaling: a theme and 
variations on DELLA repression. Plant Physiol 160: 83-92 
Heo J-O, Chang KS, Kim IA, Lee M-H, Lee SA, Song S-K, Lee MM, Lim J  (2011) 
Funneling of gibberellin signaling by the GRAS transcription regulator 
scarecrow-like3 in the Arabidopsis root. Proc Natl Acad Sci USA 108: 2166-2171 
Hong GJ, Xue XY, Mao YB, Wang LJ, Chen XY (2012) Arabidopsis MYC2 
interacts with DELLA proteins in regulating sesquiterpene synthase gene 
expression. Plant Cell 24: 2635-2648 
Hou X, Hu WW, Shen L, Lee LY, Tao Z, Han JH, Yu H (2008) Global 
identification of DELLA target genes during Arabidopsis flower development. 
Plant Physiol 147: 1126-1142 
Hou X, Lee LYC, Xia K, Yan Y, Yu H (2010) DELLAs modulate jasmonate 
signaling via competitive binding to JAZs. Dev Cell 19: 884-894 
Hu Y, Jiang L, Wang F, Yu D (2013) Jasmonate regulates the inducer of CBF 
expression-C-repeat binding factor/DRE binding factor1 cascade and freezing 
tolerance in Arabidopsis. Plant Cell 25: 2907-2924  
Itoh H, Sasaki A, Ueguchi-Tanaka M, Ishiyama K, Kobayashi M, Hasegawa Y, 
Minami E, Ashikari M, Matsuoka M  (2005) Dissection of the phosphorylation 
of DELLA protein, SLENDER RICE1. Plant Cell Physiol 46: 1392–1399 
Itoh H, Ueguchi-Tanaka M, Matsuoka M (2008) Molecular biology of gibberellins 
signaling in higher plants. Int Rev Cell Mol Biol 268: 191-221 
Itoh H, Ueguchi-Tanaka M, Sato Y, Ashikari M, Matsuoka M (2002) The 
gibberellin signaling pathway is regulated by the appearance and disappearance of 
SLEN-DER RICE1 in nuclei. Plant Cell 14: 57-70 
James P, Halladay J, Craig EA (1996) Genomic libraries and a host strain designed 
for highly efficient two-hybrid selection in yeast. Genetics 144: 1425-1436 
Jiang Y, Liang G, Yang S, Yu D (2014) Arabidopsis WRKY57 functions as a node of 
convergence for jasmonic acid- and auxin-mediated signaling in jasmonic acid-
induced leaf senescence. Plant Cell DOI: http://dx.doi.org/10.1105/tpc.113.
117838 
Körbes AP (2010) Regulation of ORA59, a key modulator of disea e resistance in 
Arabidopsis. PhD thesis. Leiden University, Leiden, The Netherlands 
Kunkel BN, Brooks DM (2002) Cross talk between signaling pathways in pathogen 
defense. Curr Opin Plant Biol 5: 325-331 
Kurosawa E (1926) Experimental studies on the nature of the substance secreted by 
the ‘bakanae’ fungus. Nat Hist Soc Formosa 16: 213-22 
Lee S, Cheng H, King KE, Wang W, He Y, Hussain A, Lo J, Harberd NP, Peng J 




GAI/RGA-like gene whose expression is up-regulated following imbibition. 
Genes Dev 16: 646-658 
Memelink J (2009) Regulation of gene expression by jasmonate hormones. 
Phytochemistry 70: 1560-1570 
Memelink J, Swords KMM, Staehelin LA, and Hoge JHC (1994) Southern, 
Northern and Western blot analysis. In Plant Molecular Biology Manual, S.B. 
Gelvin, R.A. Schilperoort, and D.P.S. Verma, eds (Dordrecht: Kluwer Academic 
Publishers), pp. F1-F23 
Montiel G, Zarei A, Körbes AP, Memelink J (2011) The jasmonate-responsive 
element from the ORCA3 promoter from Catharanthus roseus is active in 
Arabidopsis and is controlled by the transcription factor AtMYC2. Plant Cell 
Physiol 52: 578-87 
Murase K, Hirano Y, Sun TP, Hakoshima T (2008) Gibberellin-induced DELLA 
recognition by the gibberellin receptor GID1. Nature 456: 459-463 
Nakajima M, Shimada A, Takashi Y, Kim YC, Park SH, Ueguchi-Tanaka M, 
Suzuki H, Katoh E, Iuchi S, Kobayashi M, Maeda T, Matsuoka M, 
Yamaguchi I (2006) Identification and characterization of Arabidopsis 
gibberellin receptors. Plant J 46: 880-889 
Nakata M, Mitsuda N, Herde M, Koo AJ, Moreno JE, Suzuki K, Howe GA, 
Ohme-Takagi M (2013) A bHLH-type transcription factor, ABA-INDUCIBLE 
BHLH-TYPE TRANSCRIPTION FACTOR/JA-ASSOCIATED MYC2-LIKE1, 
acts as a repressor to negatively regulate jasmonate signaling in Arabidopsis. 
Plant Cell 25: 1641-1656 
Navarro L, Bari R, Achard P, Lison P, Nemri A, Harberd NP, Jones JD (2008) 
DELLAs control plant immune responses by modulating he balance of jasmonic 
acid and salicylic acid signaling. Curr Biol 18: 650-655 
Niu Y, Figueroa P, Browse J (2011) Characterization of JAZ-interacting bHLH 
transcription factors that regulate jasmonate respon es in Arabidopsis. J Exp Bot 
62: 2143-2154 
Pasquali G, Ouwerkerk PBF, Memelink J (1994) Versatile transformation vectors to 
assay the promoter activity of DNA elements in plants. Gene 149: 373-374 
Pauwels L, Barbero GF, Geerinck J, Tilleman S, Grunewald W, Pérez AC, Chico 
JM, Bossche RV, Sewell J, Gil E, García-Casado G, Witters E, Inzé D, Long 
JA, De Jaeger G, Solano R, Goossens A(2010) NINJA connects the co-
repressor TOPLESS to jasmonate signalling. Nature 464: 788-791 
Peng J, Carol P, Richards DE, King KE, Cowling RJ, Murphy GP, Harberd NP  
(1997) The Arabidopsis GAI gene defines a signaling pathway that negatively 
regulates gibberellin responses. Genes Dev 11: 3194-3205 
Peng J, Richards DE, Hartley NM, Murphy GP, Devos KM, Flintham JE, Beales J, 
Fish LJ, Worland AJ, Pelica F, Sudhakar D, Christou P, Snape JW, Gale 
MD, Harberd NP  (1999) ‘Green revolution’ genes encode mutant gibberellin 
response modulators. Nature 400: 256-261 
Pieterse CMJ, Leon-Reyes A, Van der Ent S, Van Wees SCM (2009) Networking 
by small-molecule hormones in plant immunity. Nature Chem Biol 5: 308-316 
DELLAs repress ZFAR and JAZ1 activity 
85 
Pré M, Atallah M, Champion A, De Vos M, Pieterse CMJ, Memelink J (2008) The 
AP2/ERF domain transcription factor ORA59 integrates jasmonic acid and 
ethylene signals in plant defense. Plant Physiol 147: 1347-1357 
Pysh LD, Wysocha-Diller JW, Camilleri C, Bouchez D, Benfy PN (1999) The 
GRAS gene family in Arabidopsis: Sequence characterization and basic 
expression analysis of the SCARECROW LIKE genes. Plant J 18: 111-119 
Qi T, Song S, Ren Q,Wu D, Huang H, Chen Y, Fan M, Peng W, Ren C, Xie D 
(2011) The jasmonate-ZIM-domain proteins interact with the WD repeat/bHLH/ 
MYB complexes to regulate jasmonate-mediated anthocyanin accumulation and 
trichome initiation in Arabidopsis thaliana. Plant Cell 23: 1795-1814 
Sarnowska EA, Rolicka AT, Bucior E, Cwiek P, Tohge T, Fernie AR, Jikumaru Y, 
Kamiya Y, Franzen R, Schmelzer E, Porri A, Sacharowski S, Gratkowska 
DM, Zugaj DL, Taff A, Zalewska A, Archacki R, Davis SJ, Coupland G, 
Koncz C, Jerzmanowski A, Sarnowski TJ (2013) DELLA-interacting SWI3C 
core subunit of SWI/SNF chromatin remodeling complex modulates gibberellin 
responses and hormonal crosstalk in Arabidopsis. Plant Physiol 163: 291-304 
Sasaki A, Itoh H, Gomi K, Ueguchi-Tanaka M, Ishiyama K, Kobayashi M, Jeong 
DH, An G, Kitano H, Ashikari M, Matsuoka M  (2003) Accumulation of 
phosphorylated repressor for gibberellin signaling i  an F-box mutant. Science 
299: 1896-1898 
Sasaki-Sekimoto Y, Jikumaru Y, Obayashi T, Saito H, Masuda S, Kamiya Y, 
Ohta H, Shirasu K (2013) Basic helix-loop-helix transcription factors 
JASMONATE-ASSOCIATED MYC2-LIKE1 (JAM1), JAM2, and JAM3 are 
negative regulators of jasmonate responses in Arabidops s. Plant Physiol 163: 
291-304  
Schirawski J, Planchais S, Haenni AL (2000) An improved protocol for the 
preparation of protoplasts from an established Arabidopsis thaliana cell 
suspension culture and infection with RNA of turnip yellow mosaic tymovirus: a 
simple and reliable method. J Virol Methods 86: 85-94 
Sheard LB, Tan X, Mao H, Withers J, Ben-Nissan G, Hinds TR, Kobayashi Y, 
Hsu FF, Sharon M, Browse J, He SY, Rizo J, Howe GA, Zheng N (2010) 
Jasmonate perception by inositol-phosphate-potentiad COI1-JAZ co-receptor. 
Nature 468: 400-405 
Silverstone AL, Ciampaglio CN, Sun T (1998) The Arabidopsis RGA gene encodes a 
transcriptional regulator repressing the gibberellin s gnal transduction pathway. 
Plant Cell 10: 155-169 
Silverstone AL, Jung HS, Dill A, Kawaide H, Kamiya Y, Sun TP (2001) Repressing 
a repressor: Gibberellin-induced rapid reduction of the RGA protein in 
Arabidopsis. Plant Cell 13: 1555-1566 
Silverstone AL, Tseng TS, Swain SM, Dill A, Jeong SY, Olszewski NE, Sun TP 
(2007) Functional analysis of SPINDLY in gibberellin signaling in Arabidopsis. 
Plant Physiol 143: 987-100 
Song S, Qi T, Fan M, Zhang X, Gao H, Huang H, Wu D, Guo H, Xie D (2013) The 
bHLH subgroup IIId factors negatively regulate jasmonate-mediated plant defense 




Song S, Qi T, Huang H, Ren Q, Wu D, Chang C, Peng W, Liu Y, Peng J, Xie D 
(2011) The jasmonate-ZIM domain proteins interact wi h the R2R3-MYB 
transcription factors MYB21 and MYB24 to affect jasmonate regulated stamen 
development in Arabidopsis. Plant Cell 23: 1000-1013 
Sun J, Jiang H, Xu Y, Li H, Wu X, Xie Q and Li C (2007) The CCCH-type zinc 
finger proteins AtSZF1 and AtSZF2 regulate salt stress responses in Arabidopsis. 
Plant Cell Physiol 48: 1148-1158 
Sun TP (2011) The molecular mechanism and evolution of the GA-GID1-DELLA 
signaling module in plants. Curr Biol 21: R338-R345 
Thines B, Katsir L, Melotto M, Niu Y, Mandaokar A, Liu G, Nomura K, He SY, 
Howe GA, Browse J (2007) JAZ repressor proteins are targets of the SCFCOI1 
complex during jasmonate signaling. Nature 448: 661-665 
Ton J, Van Pelt JA, Van Loon LC, Pieterse CMJ (2002) Differential effectiveness 
of salicylate-dependent and jasmonate/ethylene-dependent induced resistance in 
Arabidopsis. Mol Plant Microbe Interact 15: 27-34 
Töpfer R, Matzeit V, Gronenborn B, Schell J, and Steinbiss HH (1987) A set of 
plant expression vectors for transcriptional and translational fusions. Nucleic 
Acids Res 15: 5890 
Ueguchi-Tanaka M, Ashikari M, Nakajima M, Itoh H, K atoh E, Kobayashi M, 
Chow TY, Hsing YI, Kitano H, Yamaguchi I, Matsuoka M  (2005) 
GIBBERELLIN INSENSITIVE DWARF1 encodes a soluble receptor for 
gibberellin. Nature 437: 693-698 
van der Fits L, Memelink J (1997) Comparison of the activities of CaMV 35S and 
FMV 34S promoter derivatives in Catharanthus roseus cells transiently and 
stably transformed by particle bombardment. Plant Mol Biol 33: 943-946 
Vom Endt D, Soares e Silva M, Kijne JW, Pasquali G, Memelink J (2007) 
Identification of a bipartite jasmonate responsive promoter element in the 
Catharanthus roseus ORCA3 transcription factor gene that interacts specifically 
with AT-hook DNA-binding proteins. Plant Physiol 144: 1680-1689 
Wang F, Zhu D, Huang X, Li S, Gong Y, Yao Q, Fu X, Fan LM, Deng XW (2009) 
Biochemical insights on degradation of Arabidopsis DELLA proteins gained from 
a cell-free assay system. Plant Cell 21: 2378-2390 
Wen CK, Chang C (2002) Arabidopsis RGL1 encodes a negative regulator of 
gibberellin responses. Plant Cell 14: 87-100 
Wild M, Davière JM, Cheminant S, Regnault T, Baumberger N, Heintz D, Baltz R, 
Genschik P, Achard P (2012) The Arabidopsis DELLA RGA-LIKE3 is a direct 
target of MYC2 and modulates jasmonate signaling responses. Plant Cell 24: 
3307-3319 
Xie DX, Feys BF, James S, Nieto-Rostro M, Turner JG (1998) COI1: an 
Arabidopsis gene required for jasmonate-regulated defense and fertility. Science 
280: 1091-1094 
Xu L, Liu F, Lechner E, Genschik P, Crosby WL, Ma H, Peng W, Huang D, Xie D 
(2002) The SCFCOI1 ubiquitin-ligase complexes are required for jasmonate 
response in Arabidopsis. Plant Cell 14: 1919-1935 
Yabuta T, Sumiki Y (1938) On the crystal of gibberellin, a substance to promote plant 
growth. J Agr Chem Soc Jpn 14: 1526 
DELLAs repress ZFAR and JAZ1 activity 
87 
Yang DL, Li Q, Deng YW, Lou YG, Wang MY, Zhou GX, Zhang YY, He ZH 
(2008) Altered disease development in the eui mutants and Eui overexpressors 
indicates that gibberellins negatively regulate rice basal disease resistance. Mol 
Plant 1: 528-537 
Yan J, Zhang C, Gu M, Bai Z, Zhang W, Qi T, Cheng Z, Peng W, Luo H, Nan F, 
Wang Z, Xie D (2009) The Arabidopsis CORONATINE INSENSITIVE1 protein 
is a jasmonate receptor. Plant Cell 21: 2220-2236 
Zarei A, Körbes AP, Younessi P, Montiel G, Champion A, Memelink J (2011) Two 
GCC boxes and AP2/ERF-domain transcription factor ORA59 in jasmonate/ 
ethylene-mediated activation of the PDF1.2 promoter in Arabidopsis. Plant Mol 
Biol 75: 321-331 
Zentella R, Zhang ZL, Park M, Thomas SG, Endo A, Murase K, Fleet CM, 
Jikumaru Y, Nambara E, Kamiya Y, Sun TP (2007) Global analysis of 
DELLA direct targets in early gibberellin signaling in Arabidopsis. Plant Cell 19: 
3037-3057 
Zhang ZL, Ogawa M, Fleet CM, Zentella R, Hu J, Heo J-O, Lim J, Kamiya Y, 
Yamaguchi S, Sun TP (2011) Scarecrow-like 3 promotes gibberellin signaling 
by antagonizing master growth repressor DELLA in Arabidopsis. Proc Natl Acad 
Sci USA 108: 2160-2165 
Zhu S, Gao F, Cao X, Chen M, Ye G, Wei C, Li Y (2005) The rice dwarf virus P2 
protein interacts with ent-kaurene oxidases in vivo, leading to reduced 
biosynthesis of gibberellins and rice dwarf symptoms. Plant Physiol 139: 1935-
1945 
Zhu Y, Nomura T, Xu Y, Zhang Y, Peng Y, Mao B, Hanada A, Zhou H, Wang R, 
Li P, Zhu X, Mander LN, Kamiya Y, Yamaguchi S, He Z (2006) 
ELONGATED UPPERMOST INTERNODE encodes a cytochrome P450 
monooxygenase that epoxidizes gibberellins in a novel deactivation reaction in 
rice. Plant Cell 18: 442-456 
Zhu Z, An F, Feng Y, Li P, Xue L,AM, Jiang Z, Kim JM, To TK, Li W, Zhang X, 
Yu Q, Dong Z, Chen WQ, Seki M, Zhou JM, Guo H (2011) Derepression of 
ethylene-stabilized transcription factors (EIN3/EIL1) mediates jasmonate and 





























































The transcription factor JAM1 interacts with JAZ 
proteins to repress JA-responsive gene expression 
 
Meiliang Zhou, Kaixuan Zhang, Johan Memelink 
 
Institute of Biology, Leiden University, Sylvius Laboratory, P.O. Box 9505, 2300 RA, 
















































































Upon pathogen infection and herbivore attack, plants produce the signaling 
molecule jasmonoyl-L-isoleucine (JA-Ile), which is perceived by the COI1-JAZ 
receptor complex. This leads to degradation of JAZ repressor proteins via the 26S 
proteasome system thereby de-repressing transcription factors including MYC2, MYC3 
and MYC4, basic helix-loop-helix transcription factors that play a positive regulatory 
role in JAs signaling, resulting in transcriptional activation of downstream target genes. 
Here, we describe another basic helix-loop-helix transcription factor, JA-Associated 
MYC2-Like1 (JAM1) as a novel target of JAZ proteins identified by yeast two hybrid 
screening. Bimolecular fluorescence complementation assays in Arabidopsis cell 
suspension protoplasts showed that JAM1 interacted with JAZ proteins in the nucleus. 
JAM1 repressed MYC2 target gene expression in trans-activation assays. Moreover, 
JAZ proteins enhance the repressive activity of JAM1. Our results indicate that JAM1 
functions as a transcription repressor whereas JAZ proteins act as co-repressors to 

































Jasmonates (JAs) are lipid-derived signaling molecules that regulate diverse 
growth and developmental processes as well as adaptive responses to biotic and abiotic 
stresses in plants (Pieterse et al., 2009; Hu et al., 2013). Bioactive JAs (i.e. jasmonoyl-
L-isoleucine or JA-Ile) is perceived by the F-box protein CORONATINE 
INSENSITIVE1 (COI1), which subsequently facilitates the degradation of 
transcriptional repressors called JAZ via the SCFCOI1-26S proteasome pathway (Xie et 
al., 1998; Xu et al., 2002; Chini et al., 2007; Thines et al., 2007; Yan et al., 2009; 
Sheard et al., 2010). JAZ interact with and repress a variety of transcription factors 
(TFs) (Chini et al., 2007; Cheng et al., 2011; Fernández-Calvo et al., 2011; Niu et al., 
2011; Song et al., 2011; Qi et al., 2011; Zhu et al., 2011 ; Hu et al., 2013; Jiang et al., 
2014). The degradation of JAZ leads to release of the TF from the JAZ complex and to 
activation of its target genes. The basic helix-loop-helix (bHLH) TF MYC2, which 
regulates diverse JAs responses, was first identifid as a JAZ interactor (Chini et al., 
2007). More recently, two MYC2 related proteins called MYC3 and MYC4 also have 
been shown to be repressed by JAZ proteins (Cheng et al., 2011; Fernández-Calvo et 
al., 2011; Niu et al., 2011). JAZ repressors also interact with, and suppress 
transcriptional activities of other TFs, including the R2R3-MYB TF MYB21 and 
MYB24 (Song et al., 2011), and the bHLH TF GL3, EGL3 and TT8 (Qi et al., 2011), 
ICE1 and ICE2 (Hu et al., 2013), WRKY57 (Jiang et al., 2014), and also two ethylene 
(ET)-associated TFs EIN3 and EIL1 (Zhu et al., 2011), with different roles in 
regulating JAs-responsive gene expression. 
JAM1 (JA-Associated MYC2-Like1), previously called AIB (ABA-Inducible 
bHLH-Type), was most recently discovered as a transcriptional repressor and 
negatively regulates JAs signaling (Nakata et al., 2013; Sasaki-Sekimoto et al., 2013). 
Compared with MYC2, JAM1 possesses transcriptional repression activity, and jam1 
loss-of-function mutants show a JAs-hypersensitive phenotype and elevated JAs 
responsiveness. In addition, JAM1 and MYC2 competitiv ly bind to a MYC2 target 
sequence, which provides a mechanism for negative regulation of JAs signaling by 
JAM1 through antagonizing the transcription activator MYC2 (Nakata et al., 2013; 
Sasaki-Sekimoto et al., 2013). Most JAZ repressors are able to interact with MYC2 in 
pull-down and yeast two-hybrid assays (Chini et al., 2007, 2009; Melotto et al., 2008). 
Similarly, most JAZ proteins also interact with MYC3 and MYC4 (Cheng et al., 2011; 
Fernández-Calvo et al., 2011; Niu et al., 2011).  
The aim of the work described in this chapter was to determine whether JAZ 
proteins have an effect on JAM1 activity. Yeast two hybrid and BiFC assays showed 
that some of the JAZ proteins interacted with JAM1. In Arabidopsis protoplast trans-
activation assays, we discovered that the JAZ proteins can increase the repression 
activity of JAM1. Our results indicate that JAZs act s co-repressors to enhance the 
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Most JAZ proteins were shown to interact in vitro and in yeast with MYC2 
(Chini et al., 2007, 2009; Chung and Howe, 2009), and the related bHLH TFs MYC3 
and MYC4 (Cheng et al., 2011; Fernández-Calvo et al., 2011; Niu et al., 2011). Since 
JAM1, a bHLH TF, acts as a transcriptional repressor in JAs-responsive gene 
expression and its transcript level was reduced in the coi1-1 mutant (Yan et al., 2007; 
Nakata et al., 2013; Sasaki-Sekimoto et al., 2013), we performed a yeast two-hybrid 
assay to test whether JAM1 protein could interact with JAZ proteins. We used MYC2 
as a positive control. As shown in Figure 1, MYC2 interacted with all JAZ proteins 
except JAZ4 and JAZ7 consistent with previous reports (Chini et al., 2009; Fernández-
Calvo et al., 2011). Interestingly, JAM1 interacted with the JAZ proteins JAZ5, JAZ6, 
JAZ7, JAZ8, JAZ10 and JAZ11. Yeast cells co-expressing JAM1 and JAZ were able to 
sustain growth at 3-AT concentrations up to 10 mM on selective medium. These 
interactions are considered significant since background auto-activation was 
undetectable. To investigate which domain of JAM1 is responsible for the interaction 
with JAZ proteins, we constructed a JAM1 deletion derivative which lacks the JAZ-
Interaction-Domain (JID) (Fernández-Calvo et al., 2011). Consistent with a previous 
speculation (Fernández-Calvo et al., 2011), the JID domain of the JAM1 protein was 
responsible for the interactions with JAZ proteins (data not shown). 
 
JAM1 interacts with JAZ proteins in planta 
 
To verify the interactions between JAZ proteins and JAM1 in planta, we 
performed bimolecular fluorescence complementation (BiFC) assays in Arabidopsis 
protoplasts. The N-terminal (YN) or C-terminal (YC) fragments of the yellow 
fluorescent protein (nYFP or cYFP) were fused either N-terminally or C-terminally 
with JAZs and JAM1. The constructs were transiently co-expressed in all possible 
combinations of nYFP and cYFP fusion proteins in Arabidopsis suspension cell 
protoplasts. As shown in Figure 2, strong YFP signals were observed in the nucleus of 
Arabidopsis protoplasts upon co-expression of JAZ5-cYFP and nYFP-JAM1, JAZ6-
cYFP and nYFP-JAM1, cYFP-JAZ7 and nYFP-JAM1, cYFP-JAM1 and nYFP-JAZ8, 
JAZ10-cYFP and nYFP-JAM1, JAZ11-cYFP and nYFP-JAM1, respectively. A similar 
result was observed upon co-expression of nYFP-MYC2 with JAZ5-cYFP as a positive 
control. No or only background YFP fluorescence was detected in negative controls 
(nYFP-JAM1 co-expressed with cYFP or nYFP co-expressed with JAZ-cYFP) (data 
not shown). These results indicated that the JAM1 protein interacts with JAZ proteins 
in planta in the nucleus. 
 
JAM1 repressor activity is enhanced by JAZ proteins 
 
In order to elucidate the functional significance of the interaction between JAZ 
and JAM1, trans-activation assays were performed. MYC2 trans-activated the JAs-
responsive element (also called ‘D’) of the CrORCA3 gene in the protoplast assay as 
previously reported (Montiel et al., 2011). Since JAM1 and MYC2 have similar DNA 
sequence-specific binding preferences (Nakata et al., 2013), we used the 4D-GUS gene 
as a reporter. Effector constructs for JAM1, JAZ, or MYC2 were expressed under the 
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control of the CaMV 35S promoter. Arabidopsis cell suspension protoplasts were 
transiently co-transformed with a 4D-GUS reporter and effectors. As a positive control, 
the MYC2 protein activated the expression of 4D-GUS about four-fold, whereas co-
expression of JAZ5 with MYC2 largely abolished MYC2-activated 4D-GUS 
expression (Figure 3). In contrast, JAM1 functioned as a transcription repressor. Co-
expression of any of the 6 tested JAZ proteins result d in even lower reporter gene 
expression, indicating that JAZ act as co-repressors t  enhance JAM1 repression 
activity. These results suggest that JAM1 acts as atranscriptional repressor, and that 




Figure 1. JAM1 interacts with JAZ proteins in yeast. Yeast cells expressing 
JAM1 or MYC2 fused to the GAL4 activation domain (AD) and JAZ fused to 
the GAL4 DNA-binding domain (BD-) were spotted on mini al SD medium 
without Leucine and Tryptophan (-2) to select for the plasmids and on medium 
additionally lacking Histidine with 10 mM 3-aminotriazole (-3) to select for 
transcriptional activation of the His3 gene. Growth was monitored after 7 days. 
Yeast cells transformed with the empty plasmids pAS2.1 and pACT2, 
expressing GAL4 BD and AD, respectively, were used as controls. 
 
 





Figure 2. JAM1 interacts with JAZ proteins in planta. YFP fluorescence and 
merged fluorescence/bright field images of Arabidopsis cell suspension 
protoplasts co-transformed with constructs encoding the indicated fusion 





Figure 3. JAZ proteins enhance JAM1 repression activity. Arabidopsis cell 
suspension protoplasts were co-transformed with plasmids carrying 4D:GUS (2 
µg) and overexpression vectors containing 35S:JAM1 (2 µg) or MYC2 (2 µg) 
and JAZ (6 µg)  as indicated. Protein concentrations were used to correct for 






Figure 4. Model of JAM and MYC activity regulated by JAZ proteins. Upon 
perception of JA-Ile, SCFCOI1 bind JAZs which are subsequently degraded via 
the 26S proteasome. Released MYC activate expression of their target genes. 
JAM negatively regulate the targets of MYC. JAM transcriptional repressor 





JAM1 encodes a MYC2-like bHLH TF and was previously reported to be a 
positive regulator of ABA signaling (Li et al., 2007). As the JAM1 transcript level was 
reduced in the aos mutant and was induced by wounding (Yan et al., 2007), we 
explored the hypothesis that JAM1 is involved in JAs signaling. Very recently, JAM1 
was shown to act as a transcriptional repressor and to egatively regulate JAs signaling 
(Nakata et al., 2013). Transgenic plants over-expressing JAM1 showed substantial 
reduction of JA responses, whereas j m1 loss-of-function mutants showed enhanced 
JAs responsiveness (Nakata et al., 2013). As MYC2 and JAM1 protein share 
significant amino acid identities (83.9% identity) around the bHLH domain, it is 
tempting to speculate that JAM1 and MYC2 have similar DNA binding affinities. The 
results of electrophoretic mobility shift assays (EMSAs) showed that JAM1 can bind 
MYC2 target sequences, including the G-box (CACGTG), TG-box (CACGTT), and 
MYC2 binding sequence (MBS) in rd22 (CACATG) (Abe et al., 1997; Nakata et al., 
2013). Therefore, it is likely that JAM1 and MYC2 compete for binding to G-box 
related sequences, which would explain their antagonistic regulation of downstream 
genes. Previous reports showed that MYC2 can activate the JAs-responsive element 
(also called ‘D’) of the CrORCA3 gene in the Arabidopsis protoplast assay (Montiel et 
al., 2011). Our results also show that MYC2 activated he expression of 4D-GUS, 
whereas JAM1 repressed 4D-GUS expression. These results indicate that the JAM1 
protein negatively regulates JAs responsive gene expression. In addition, three bHLHs 
(bHLH003/At4g16430, bHLH13/At1g01260 and bHLH14/At4g00870), which are 
closely related to JAM1 belong to the family of bHL subgroup IIId TFs, and were 
shown to have a similar activity as JAM1 (Sasaki-Sekimoto et al., 2013; Song et al., 
2013).  
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The JAZ proteins negatively regulate JAs mediated rsponses via interaction 
with TFs such as MYC2 (Chini et al., 2009; Chung and Howe, 2009), and the related 
bHLH subgroup IIIe TFs MYC3 and MYC4 (Cheng et al., 2011; Fernández-Calvo et 
al., 2011; Niu et al., 2011). Here, we identified the bHLH subgroup IIId TF JAM1 as a 
new target of JAZ proteins (Figure 1). However, our results contradict a recent 
publication showing that JAM1/bHLH17 interacts with all JAZ proteins except JAZ7 
and JAZ12 (Song et al., 2013). Our results showed that JAM1 interacts with six JAZ 
proteins, i.e. JAZ5, JAZ6, JAZ7, JAZ8, JAZ10 and JAZ11. It is possible that the 
contradictory observations are caused by differences in yeast two hybrid assays, as we 
evaluated the positive interactions on selective medium containing 10 mM 3-AT which 
suppresses auto-activation. To examine if the JAZ proteins contribute to modulation of 
JAM1 transcriptional activity, we further performed Arabidopsis cell suspension 
protoplasts assay. The results reveal that JAZ proteins act as co-repressors to enhance 
JAM1 repression activity. However, Song et al. (2013) reported that JAZ proteins 
function as negative regulators to inhibit JAM1 repression activity, which is based on 
theoretical considerations an unlikely mechanism. Their conclusions were based on 
experiments with JAZ1, which did not interact with JAM1 in our yeast two-hybrid 
assays, and no other JAZ proteins were tested.  
The research described in this chapter provides novel insight in the roles of JAZ 
and JAM1 in the JAs signaling pathway. JAM1, a novel target of JAZ proteins, 
functions as a negative regulator in the MYC2/3/4-regulated pathway to attenuate JAs 
responses (Figure 4). The complex mechanism of JAs signal transduction mediated by 
the transcription repressors JAM and the transcription activators MYC may provide an 
important strategy for plant survival in their fluct ating environment. 
 
 
Materials and Methods 
 
Yeast two hybrid assays 
 
Full-length MYC2, JAM1 and JAM1 deletion derivative JAM1∆JID cloned in 
pACT2 (acc. No. U29899) were co-transformed with empty pAS2.1 (acc. No. U30497), 
and pAS2.1-JAZ to yeast strain PJ69-4A (James et al., 1996). JAM1 (At2g46510) was 
PCR amplified with the primer set 5’-TGC CAT GGA GAT GAA TAT GAG TGA 
TTT AGG TTG-3’ and 5’-CCC TCG AGT TAT ATA TCA CCA GAG ACC TG-3’, 
digested with NcoI and XhoI and cloned in pACT2. JAM1∆JID cloned in pACT2 with 
the following primer set: 5’-TGC CAT GGA GAT GAA TAT GAG TGA TTT AGG 
TTG-3’ and 5’-CGG GAT CCT CCG GAT CTA GAC ATG GTT TG-3’ for 
JAM1∆JID fragment 1 (JAM1∆JID-F1),  5’-GAA GAT CTT TCT TAG CTT CCA 
TGT ATT TCT TC-3’ and 5’-CCC TCG AGT TAT ATA TCA CCA GAG ACC TG-
3’ for JAM1∆JID fragment 2 (JAM1∆JID-F2), JAM1∆JID-F1 fragment digested with 
NcoI and BamHI and cloned in pACT2 digested with NcoI and BamHI, the 
JAM1∆JID-F2 fragment was digested with BglII and XhoI and cloned in pACT2-
JAM1∆JID-F1 digested with BamHI and XhoI. MYC2 was digested from pAS2.1 with 
NcoI, and cloned in pACT2. JAZ cloned in pAS2.1 were amplified with the primers 5’-
CGG GAT CCG TCG ACG AAT GTC GAG TTC TAT GGA ATG TTC-3’ and 5’-
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CGG GAT CCC GTC GAC TCA TAT TTC AGC TGC TAA ACC G-3’ for JAZ1 
(At1g19180), 5’-CGG GAT CCG TCG ACG AAT GTC GAG TTT TTC TGC CGA 
GT-3’ and 5’-CGG GAT CCC GTC GAC TTA CCG TGA ACT GAG CCA AGC T-3’ 
for JAZ2 (At1g74950), 5’-CGC GTC GAC GTA TGG AGA GAG ATT TTC TCG G-
3’ and 5’-CGG TCG ACG TTT TAG GTT GCA GAG CTG AGA G-3’ for JAZ3 
(At3g17860), 5’-CGC GTC GAC GTA TGG ATT GGT CAT TCT CAA G-3’ and 5’-
CGG TCG ACG TTT TAG TGC AGA TGA TGA GCT G-3’ for JAZ4 (At1g48500), 
5’-CGG GAT CCG TCG ACG AAT GTC GTC GAG CAA TGA AAA TGC and 5’-
CGG GAT CCC GTC GAC CTA TAG CCT TAG ATC GAG ATC T-3’ for JAZ5 
(At1g17380), 5’-CGG GAT CCG TCG ACG AAT GTC AAC GGG ACA AGC G-3’ 
and 5’-CGG GAT CCC GTC GAC CTA AAG CTT GAG TTC AAG TT-3’ for JAZ6 
(At1g72450), 5’-CGC GTC GAC GTA TGA TCA TCA TCA TCA AAA ACT G-3’ 
and 5’-CGG TCG ACG TTC TAT TCG GTA ACG GTG GTA A-3’ for JAZ7 
(At2g34600), 5’-GAA GAT CTC TCG AGG AAT GAA GCT ACA GCA AAA TTG 
TG-3’ and 5’-GAA GAT CTC TCG AGC ATT ATC GTC GTG AAT GGT ACG-3’ 
for JAZ8 (At1g30135), 5’-CGG GAT CCG TCG ACG AAT GGA AAG AGA TTT 
TCT GGG T-3’ and 5’-CGG GAT CCC GTC GAC TCA TAA GCC TCT CTT TGC 
G-3’ for JAZ9 (At1g70700), 5’-CGG GAT CCG TCG ACG AAT GTC GAA AGC 
TAC CAT AGA  ACT-3’ and 5’-CGG GAT CCC GTC GAC TTA GGC CGA TGT 
CGG ATA GT-3’ for JAZ10 (At5g13220), CGC GTC GAC GTA TGG CTG AGG 
TAA ACG GAG A-3’ and 5’-CGG TCG ACG TTT CAT GTC ACA TG GGG CTG 
G-3’ for JAZ11 (At3g43440) and 5’-CGG GAT CCG TCG ACG AAT GAC TAA 
GGT GAA AGA TGA GC-3’ and 5’-CGG GAT CCC GTC GAC CTA AGC AGT 
TGG AAA TTC CTC-3’ for JAZ12 (At5g20900). Interaction assays were performed by 
co-transformation of bait and prey plasmids into yeast strain PJ69-4A according to a 
yeast transformation protocol modified from Gietz e al. (1992), and plated on minimal 
synthetic defined (SD)-glucose medium, supplemented with Met/Ura/His and lacking 
Leu and Trp (-LW) medium. As control, empty pAS2.1 and pACT2 were used. 
Transformants were allowed to grow for 4-5 days. Subsequently, cells were incubated 
for 16 hours in liquid SD-LW and 10 µL of 10 and 100-fold dilutions were spotted on 
selective solid SD medium lacking Leu, Trp and His (-LWH) supplemented with 
increasing 3-AT concentrations ranging from 0 to 50 mM. Yeast cells were allowed to 
grow for 7 days at 30 °C. 
 
Arabidopsis protoplast transformation and microscopic analysis 
 
Primer sets used for BiFC cloning were: 5’-GAT CGT CGA CAA TGA ATA 
TGA GTG ATT TAG GTT G-3’ and 5’-GCA AGC GGC CGC GTT ATA TCA CCA 
GAG ACC TGT GAA C-3’ for JAM1 cloning with SalI and NotI in pRTL2-EEYN 
(728) and -HAYC (738); 5’-GAT CGT CGA CAA TGA ATA TGA GTG ATT TAG 
GTT G-3’ and 5’-CAG TAG ATC TTT ATA TAT CAC CAG AGA CCT G-3’ for 
JAM1 cloning with SalI and BglII in pRTL2-YNEE (736) and -YCHA (735);  5’-GAT 
CGT CGA CAA TGT CGT CGA GCA ATG AAA ATG C-3’ and 5’-GCA AGC GGC 
CGC GTT AGC CTT AGA TCG AGA TCT TTC G-3’ for JAZ5 cloning with SalI and 
NotI in pRTL2-EEYN and -HAYC; 5’-CCG G AC TAG TAT GTC GTC GAG CAA 
TGA AAA TGC-3’ and 5’-CGG GAT CCC TAT AGC CTT AGA TCG AGA TCT 
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TTC G-3’ for JAZ5 cloning with SpeI and BamHI in pRTL2-YNEE and -YCHA; 5’-
GAT CGT CGA CAA TGT CAA CGG GAC AAG CGC CG-3’ and 5’-GCA AGC 
GGC CGC GTA AGC TTG AGT TCA AGG TTT TTG-3’ for JAZ6 cloning with SalI 
and NotI in pRTL2-EEYN and -HAYC; 5’-GAT CGT CGA CAA TGT CAA CGG 
GAC AAG CGC CG-3’ and 5’-CAG TAG ATC TCT AAA GCT TGA GTT CAA 
GGT TTT TG-3’ for JAZ6 cloning with SalI and BglII in pRTL2-YNEE and -YCHA; 
5’-GAT CGT CGA CAA TGA TCA TCA TCA TCA AAA ACT GCG-3’ and 5’-GCA 
AGC GGC CGC GTT CGG TAA CGG TGG TAA GGG GAA G-3’ for JAZ7 cloning 
with SalI and NotI in pRTL2-EEYN and -HAYC; 5’-GAT CGT CGA CAA TGA TCA 
TCA TCA TCA AAA ACT GCG-3’ and 5’-CAG TAG ATC TCT ATC GGT AAC 
GGT GGT AAG GGG AAG-3’ for JAZ7 cloning with SalI and BglII in pRTL2-YNEE 
and -YCHA; 5’-ACC ATG GAG ATG AAG CTA CAG CAA AAT TGT G-3’ and 5’-
GCA AGC GGC CGC GTT CGT CGT GAA TGG TAC GGT GAA G-3’ for JAZ8 
cloning with NcoI and NotI in pRTL2-EEYN and -HAYC; 5’-CCG GAC TAG TAT 
GAA GCT ACA GCA AAA TTG TG-3’ and 5’-CAG TAG ATC TT  ATC GTC 
GTG AAT GGT ACG GTG AAG-3’ for JAZ8 cloning with SpeI and BglII in pRTL2-
YNEE and -YCHA; 5’-GAT CGT CGA CAA TGT CGA AAG CTA CCA TAG AAC 
TC-3’ and 5’-GCA AGC GGC CGC GTC CTC TCC TTG CGC TTC CG AG-3’ for 
JAZ10 cloning with SalI and NotI in pRTL2-EEYN and -HAYC; 5’-GAT CGT CGA 
CAA TGT CGA AAG CTA CCA TAG AAC TC-3’ and 5’-CAG TAG ATC TTT 
ACC TCT CCT TGC GCT TCT CGA G-3’ for JAZ10 cloning with SalI and BglII in 
pRTL2-YNEE and -YCHA; 5’-GAT CGT CGA CAA TGG CTG AG TAA ACG 
GAG ATT TC-3’ and 5’-GCA AGC GGC CGC GTT GTC ACA ATG GGG CTG 
GTT TC-3’ for JAZ11 cloning with SalI and NotI in pRTL2-EEYN and -HAYC; 5’-
GAT CGT CGA CAA TGG CTG AGG TAA ACG GAG ATT TC-3’ and 5’-CAG 
TAG ATC TTC ATG TCA CAA TGG GGC TGG TTT C-3’ for JAZ11 cloning with 
SalI and BglII in pRTL2-YNEE and -YCHA; PCR-amplified inserts were digested with 
the restriction enzymes mentioned above and cloned i  the mentioned pRTL2 
derivatives digested with the corresponding enzymes (Bracha-Drori et al., 2004). Co-
transformation 10 µg each of plasmids carrying N-terminal YFP fused protein (728 and 
736) and C-terminal YFP fused protein (738 and 735) were introduced by PEG-
mediated transfection as previously described into Arabidopsis protoplasts (Schirawski 
et al., 2000). Images of transfected protoplasts were acquired with a Leica DM IRBE 
confocal laser scanning microscope equipped with an Argon laser line of 488 nm 
(excitation) and a band pass emission filter of 500- 550 nm. 
 
Arabidopsis protoplast transactivation assays 
 
The JAM1 open reading frame (ORF) was PCR amplified from cDNA of JA-
treated seedlings with the primer set 5’-CGC TCG AGA TGA ATA TGA GTG ATT 
TAG GTT G-3’ and 5’-GCG GTA CCT TAT ATA TCA CCA GAG ACC TG-3’, 
digested with XhoI and KpnI and cloned into pRT101 (Töpfer et al., 1987). MYC2 in 
pRT101 was described previously (Montiel et al., 2011). Tetramerized ORCA3 
promoter fragment D in reporter plasmid GusSH-47 (4D-GUS) was described 
previously (Vom Endt et al., 2007). JAZ5, JAZ6 and JAZ10 were digested from 
pGEMT-Easy with BamHI and cloned in pRT101 digested with BamHI. JAZ7 was 
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digested from pGEMT-Easy with SalI and cloned in pRT101 digested with X oI. JAZ8 
was digested from pGEMT-Easy with XhoI and cloned in pRT101 digested with X oI. 
JAZ11 was digested from pGEMT-Easy with EcoRI and cloned in pRT101 digested 
with EcoRI. Protoplasts were isolated from Arabidopsis cell suspension ecotype Col-0 
and plasmid DNA was introduced by polyethylene glyco  (PEG)-mediated transfection 
as previously described (Schirawski et al., 2000). Co-transformation with plasmids 
carrying 4D-GUS and effector plasmids carrying JAM1, MYC2, or JAZ5, or JAZ6, or 
JAZ7, or JAZ8, or JAZ10, or JAZ11 fused to the CaMV 35S promoter were carried out. 
To study a possible effect of JAZ interaction with the regulators, a ratio of 2:2:6 (µg 
GUS: MYC2 or JAM1: JAZ: effector plasmid) was chosen. As controls, co-
transformations of 4D-GUS with the empty pRT101 expression vector were used. 
Protoplasts were incubated at 25°C for at least 16 hrs prior to harvesting by 
centrifugation and immediately frozen in liquid nitrogen. GUS activity assays were 
performed as described (van der Fits and Memelink, 1997). GUS activities from 
triplicate transformations were normalized against total protein content to correct for 
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Plants are exposed to many diverse environmental stresses, including attack by 
microbial pathogens and by herbivorous insects. Perception of these stress signals 
usually results in the biosynthesis of one or more f the signalling molecules 
jasmonates (JAs), ethylene (ET), salicylic acid (SA) and gibberellic acid (GA). 
Production of one or more of these hormones generates signal transduction networks 
that lead to the activation of a concerted battery of defense responses designed to 
prevent further pathogen spread or plant damage. Jasmonic acid (JA) and related 
oxylipins, collectively known as jasmonates (JAs), are key regulators of plant 
responses to biotic stresses. The major bioactive JAs is the amino acid conjugate 
jasmonoyl-isoleucine (JA-Ile). JA-Ile is perceived by the F-box protein 
CORONATINE-INSENSITIVE1 (COI1) which is part of a putative E3 ubiquitin ligase 
complex of the Skp1/Cullin/F-box (SCFCOI1) type. This leads to degradation of JAZ 
repressor proteins, which is thought to liberate the transcription activity of JAZ targets, 
including the basic helix-loop-helix (bHLH) transcription factors MYC2, MYC3, 
MYC4, and other transcription factors. In general, it can be stated that responses to 
wounding and insect herbivory are mediated by JAs alone whereas defense against 
necrotrophic pathogens is mediated by JAs combined with ET. The current knowledge 
of the different components of the JAs signaling pathw y and of the JAs-regulated 
transcription factors is reviewed in Chapter 1. 
Octadecanoid-Responsive Arabidopsis AP2/ERF-domain tr nscription factor 59 
(ORA59) acts as the integrator of the JAs and ET signal ng pathways and is the key 
regulator of JAs- and ET-responsive gene expression including the plant defensin 1.2 
(PDF1.2) gene. The molecular mechanisms whereby regulatory proteins activate or 
repress ORA59 protein activity were not previously investigated, and this was the focus 
of this thesis.  
Chapter 2 describes the identification of the CCCH zinc finger proteins ZFAR1 
and ZFAR2 as ORA59-interacting proteins in yeast and in planta. Interestingly, ZFAR 
proteins repress the activity of ORA59.  
Chapter 2 further describes a novel direct molecular link between the central 
JAZ regulators and ORA59. ZFAR1 and ZFAR2 were found to interact with one 
member of the JAZ family, i.e. JAZ1, in yeast two hybrid (Y2H) assays. Bimolecular 
Fluorescence Complementation (BiFC) assays showed that JAZ1 and ZFAR1/2 
interacted in the nucleus of Arabidopsis cell suspen ion protoplasts. Moreover, ZFAR 
proteins acted as adaptors to recruit JAZ1 for repression of ORA59 activity in 
protoplast trans-activation assays. Plant infection assays with the necrotrophic fungus 
Botrytis cinerea showed that the Arabidopsis jaz1 and zfar1zfar2 mutants were less 
severely affected than wild-type plants, consistent with their molecular role as ORA59 
repressors. In conclusion, our results indicate that JAZ1 interacts with ZFAR1 and 
ZFAR2 to act as a repressor of ORA59. 
Others reported that GAs modulate JAs/ET-dependent fense via the DELLA 
proteins, which were known as key repressors of GA signaling. However, the 
molecular mechanisms of crosstalk between the JAs/ET and GA signaling pathways 
remained largely unknown. Studies described in Chapter 3 aimed at dissecting how 




DELLA proteins found in Arabidopsis interacted with t e ORA59 binding partners 
ZFAR1 and ZFAR2. In vitro competitive pull-down assay revealed that DELLAs could 
facilitate release of ORA59 from the ORA59/ZFAR/JAZ complex through competition 
with the binding of ORA59 to ZFAR and of ZFAR to JAZ1. 
In Arabidopsis protoplast trans-activation assays, DELLAs attenuated the 
inhibitory effect of JAZ1-ZFAR interaction with ORA59, and enhanced the activity of 
ORA59 on its target PDF1.2 promoter. Transgenic plants overexpressing the DELLA 
proteins RGA or GAI showed increased resistance against B. cinerea. Our results 
indicate that DELLAs act as positive regulators of ORA59 activity to modulate 
resistance against necrotrophic pathogens. 
Chapter 4 describes the characterization of a novel JAZ target protein, the 
bHLH transcription factor JA-Associated MYC2-Like1 (JAM1). In Arabidopsis 
protoplast trans-activation assays, JAM1 acted as a repressor on the same promoter that 
was activated by MYC2. Y2H and BiFC assays showed that JAZ5, JAZ6, JAZ7, JAZ8, 
JAZ10 and JAZ11 interacted with JAM1. In Arabidopsis protoplast trans-activation 
assays, JAZ proteins increased the repression activity of JAM1. The results indicate 
that JAZs act as corepressors to modulate the repressive activity of JAM1 in the JAs 
signaling pathway. 
The aim of the studies in this thesis was to characte ize the molecular 
mechanisms whereby regulatory proteins modulate the activity of the JAs/ET-
responsive transcription factor ORA59 in Arabidopsis. A model summarizing the main 
results presented in this thesis is depicted in Figure 1. The transcription factor ORA59 
positively regulates the expression of JAs/ET-respon ive genes including PDF1.2. The 
ORA59 interacting partners ZFAR1 and ZFAR2 recruit JAZ1 to repress the 
transcriptional activity of ORA59. JAs induce degradation of JAZ1 to release ORA59 
resulting in activation of the expression of PDF1.2. Without GA, stabilized DELLAs 
bind to the co-repressors JAZ1 and ZFAR which leads to an increase in basal ORA59 
activity. GA triggers degradation of DELLAs thereby liberating JAZ1 and ZFAR and 
promoting the formation of the inactive JAZ1-ZFAR-ORA59 complex. 
In the herbivore resistance branch of JAs signaling, de radation of JAZ releases 
the activity of bHLH type transcription factors, including MYC2, MYC3, MYC4, 
bHLH3/JAM3, bHLH13/JAM2 and bHLH17/JAM1. JAMs function as transcriptional 
repressors to antagonize the MYC transcription activ tors through binding to their 
downstream target sequences, and repress JAs-responsive genes. GA triggers 












































































































































































Planten zijn blootgesteld aan vele verschillende milieu-invloeden, waaronder 
aanvallen door microbiële ziekteverwekkers en door plantenetende insecten. 
Waarneming van deze stress door de plant resulteert meestal in de biosynthese van één 
of meer van de signaalmoleculen jasmonaten (JAs), ethyleen (ET), salicylzuur (SA) en 
gibberellinezuur (GA). Dit genereert signaaltransductie netwerken, die leiden tot het 
aanschakelen van een gecoördineerde set van verdedigingsresponsen teneinde verdere 
schade en verspreiding van pathogenen te voorkomen.  
Jasmonzuur (JA) en aanverwante oxylipines, gezamenlijk bekend als jasmonaten 
(JAs), zijn belangrijke regulatoren van de reacties van planten op biotische stress. De 
belangrijkste bioactieve JAs is het aminozuurconjugaat jasmonoyl-isoleucine (JA-Ile). 
JA-Ile wordt waargenomen door het F-box eiwit CORONATINE-INSENSITIVE1 
(COI1), dat deel uitmaakt van een Skp1/Cullin/F-box (SCFCOI1) complex met 
veronderstelde E3 ubiquitine ligase activiteit. Ditleidt tot afbraak van JAZ repressor 
eiwitten, waardoor de JAZ doelwiteiwitten, zoals de basische helix-lus-helix (bHLH) 
transcriptiefactoren MYC2, MYC3 en MYC4 maar ook andere transcriptiefactoren, vrij 
komen en hun activiteit kunnen uitoefenen.  
In het algemeen kan worden gesteld dat de reacties op verwonding en 
insectenvraat tot stand komen via JAs alleen, terwijl de verdediging tegen necrotrofe 
microbiële ziekteverwekkers wordt bemiddeld door JAs gecombineerd met ET. De 
huidige kennis over de verschillende componenten van de JAs signaaltransductieroute 
en over de JAs-gereguleerde transcriptiefactoren passeert de revue in Hoofdstuk 1. 
Octadecanoïde-Responsieve Arabidopsis AP2/ERF-domein transcriptiefactor 59 
(ORA59) treedt op als integrator van de JAs en ET signaaltransductieroutes en is de 
centrale regulator van JAs- en ET-gereguleerde genexpressie, waaronder het 
plantdefensine 1.2 (PDF1.2) gen, in de modelplant Arabidopsis thaliana (zandraket). 
De moleculaire mechanismen waardoor regulatoire eiwitt n de activiteit van ORA59 
aanschakelen of onderdrukken werden niet eerder onderzocht, en dit onderwerp staat 
centraal in dit proefschrift. 
Hoofdstuk 2 beschrijft de identificatie van de CCCH zinkvingereiwitten ZFAR1 
en ZFAR2 als factoren die binden aan ORA59 in gist en in planta. Deze eiwitten 
bleken de activiteit van ORA59 te onderdrukken. Hoofdstuk 2 beschrijft verder een 
nieuwe directe moleculaire verbinding tussen de centrale JAZ regulatoren en ORA59. 
ZFAR1 en ZFAR2 bleken te binden aan een lid van de JAZ familie, namelijk JAZ1, in 
gist twee-hybride (Y2H) testen. Bimoleculaire fluorescentie complementatie (BiFC) 
testen maakten interactie tussen JAZ1 en ZFAR1/2 zichtbaar in de kern van 
Arabidopsis celsuspensie protoplasten. Bovendien bleken de ZFAR eiwitten te 
fungeren als adapters om JAZ1 te binden aan ORA59, en ze bleken daarmee de 
activiteit van deze transcriptiefactor te onderdrukken in trans-activatie testen in 
protoplasten. In infectietesten van Arabidopsis planten met de necrotrofe schimmel 
Botrytis cinerea bleek dat de Arabidopsis jaz1 en zfar1zfar2 mutanten minder zwaar 
getroffen waren dan wild-type planten, hetgeen in overeenstemming is met de 
moleculaire rol van de betreffende eiwitten als repressoren van ORA59. Kortom, de 
resultaten toonden aan dat JAZ1 interageert met ZFAR1 en ZFAR2 om als repressor 
van ORA59 op te treden. 
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Andere onderzoekers hebben gerapporteerd dat het hormoon GA de JAs/ET-
afhankelijke verdediging beïnvloedt via de DELLA eiwitten, die bekend staan als 
belangrijke repressoren van GA signaaltransductie. Echter, de moleculaire 
mechanismen die ten grondslag liggen aan de interacti  tussen de JAs/ET en GA 
signaaltransductieroutes waren grotendeels onbekend.  
Studies beschreven in Hoofdstuk 3 waren gericht op het ontleden van de 
mechanismen waarmee DELLA's de activiteit van ORA59 beïnvloeden. Y2H en BiFC 
testen toonden aan dat alle vijf DELLA eiwitten die in Arabidopsis voorkomen 
kunnnen binden aan ZFAR1 en ZFAR2. Uit in vitro competitieve “pulldown” testen 
bleek dat het DELLA eiwit RGA, door competitie voor de binding tussen ORA59 en 
ZFAR en tussen ZFAR en JAZ1, in staat was om ORA59 te bevrijden uit het 
ORA59/ZFAR/JAZ complex. In trans-activatie testen in Arabidopsis protoplasten 
verzwakte het DELLA eiwit RGA het remmende effect van JAZ1 op ORA59, en 
daarmee nam de activiteit van ORA59 op zijn PDF1.2 doelpromoter toe. Transgene 
planten met verhoogde expressie van de DELLA eiwitten RGA of GAI vertoonden een 
verhoogde resistentie tegen B. cinerea. De resultaten geven aan dat DELLA eiwitten 
fungeren als positieve regulatoren van ORA59 activiteit en ze kunnen daardoor de 
resistentie tegen necrotrofe pathogenen beïnvloeden. 
Hoofdstuk 4 beschrijft de karakterisering van een nieuw JAZ doelwiteiwit, 
namelijk de bHLH transcriptiefactor JA-geAssocieerd MYC2-achtig 1 (JAM1). In 
trans-activatie testen in Arabidopsis protoplasten fungeerd  JAM1 als een repressor 
van dezelfde promoter die werd geactiveerd door MYC2. Y2H en BiFC testen toonden 
aan dat JAZ5, JAZ6, JAZ7, JAZ8, JAZ10 en JAZ11 konden binden aan JAM1. In 
trans-activatie testen in Arabidopsis protoplasten versterkten JAZ eiwitten de 
repressieve activiteit van JAM1. De resultaten geven aan dat JAZ eiwitten fungeren als 
co-repressoren die de repressieve activiteit van JAM1 moduleren in de JAs 
signaaltransductieroute. 
Het doel van de studies in dit proefschrift was om de moleculaire mechanismen 
te ontrafelen waardoor regulatoire eiwitten de werking van de JAs/ET-responsieve 
transcriptiefactor ORA59 in de zandraket beïnvloeden. Figuur 1 toont een model 
waarin de belangrijkste resultaten gepresenteerd in dit proefschrift zijn weergegeven. 
De transcriptiefactor ORA59 stimuleert de expressie van JAs/ET-responsieve genen 
waaronder PDF1.2. De ORA59 interactie partners ZFAR1 en ZFAR2 werven h t eiwit 
JAZ1 teneinde de transcriptionele activiteit van ORA59 te onderdrukken in 
afwezigheid van biotische stress. JAs, geproduceerd na een aanval door microbiële 
pathogenen of herbivore insecten, veroorzaken afbrak v n JAZ1 wat resulteert in het 
vrij komen van ORA59, en dientengevolge leidt tot de activering van de expressie van 
genen betrokken bij de verdediging, zoals PDF1.2. Zonder GA productie binden 
stabiele DELLA eiwitten aan de co-repressor JAZ1, hetgeen leidt tot een toename van 
de basale ORA59 activiteit. GA bevordert de afbraak v n DELLA eiwitten, waardoor 
JAZ1 vrijkomt, en de vorming van het inactieve JAZ1- FAR-ORA59 complex 
bevordert. In de tak van de JAs signaaltransductierout  die leidt tot weerstand tegen 
herbivoren, resulteert afbraak van JAZ in verhoogde activiteit van bHLH 
transcriptiefactoren, waaronder MYC2-4 en JAM1-3. JAMs functioneren als 
transcriptionele repressoren die de MYC transcriptionele activatoren tegenwerken door 
competitie voor binding aan hun doelwitsequenties, en ze onderdrukken daardoor de 
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expressie van JAs-responsieve genen. GA bevordert de afbraak van DELLA eiwitten, 
waardoor meer JAZ repressoren kunnen binden aan de MYC en JAM eiwitten en 




Figuur 1. Model voor de interactie tussen de GA en JAs signaaltransductieroutes. Zie 




























































With great pleasure I would like to express my sincere gratitude to all who have 
contributed to this thesis. With you all, living and studying in the Netherlands was a 
great experience! 
 
First of all, I am thankful to my supervisor, Johan Memelink, whose strict 
supervision from the beginning to the end enabled m to develop an understanding of 
the project. Five years ago, I enjoyed your presentation in Beijing and then decided to 
come to your lab to study my PhD. Thanks for the opportunity to learn science in 
Leiden! 
 
Next, I would like to thank Huub Linthorst and Ton van Brussel for your 
encouragement and help. The experiments worked well du  to the technical help of 
several very experienced persons. Gerda Lamers, thanks for your clear explanation and 
demonstration of confocal microscopy. Ward de Winter, thanks for transferring the cell 
suspension. Ana Paula Körbes, thanks for teaching me protoplast transformation and 
transactivation assay. Muhammad Khurshid, thanks for teaching me northern blot. Fraz 
Hussain, thanks for showing me the EMSA technique and leaf protoplast 
transformation.  
 
I would like to thank my lab colleagues Hasnain, Ana, Marcel, Muhammad, Fraz, 
Yanxia, Milen, Karel, Toto, Martial, Qifang, Zuwairi, Kaixuan, Yingjie, Tiantian and 
Priscille, thanks for the nice chats and work discus ions. Special thanks to my students 
Angelica and Trillian for your help. I would like to thank Karel for being a nice 
colleague and good friend, and for your help for preparing my thesis and being my 
paranymph. Thanks to everyone else from the group of Molecular and Development 
Genetics for their valuable contribution at our weekly work discussion and all other 
technical help. 
 
I would like to thank the China Scholarship Council for providing me financial 
support during my whole PhD period. It is such a pleasure to meet lots of Chinese 
friends here and there. My heartfelt appreciation ges to Yanxia, Kaixuan, Yingjie, 
Xiaolei, Yuanwei, Xiaorong, Tiantian, Suyun and Hexi, for all your support, help and 
entertainment you provided. 
 
If I did not mention someone’s name here, it does not mean that I do not 
acknowledge support and help. Again, I would like to thank everyone who supported 
and help me during my PhD study. This journey is almost finished, good, bad or 
whatever, forgot it. Now, it is time to look ahead nd move forward. 
 





















































Meiliang Zhou was born on the 6th of October 1985 in Zhuzhou, Hunan Province, 
China. He attended high school at Yunyang middle school. In 2003, he entered the 
School of Life Science at Hunan University of Scien and Technology to study the 
biology program and in 2007 he got his bachelor degre  in biotechnology. In 2007, he 
continued his master studies in biophysics under th supervision of Dr. Jirong Shao at 
Sichuan Agricultural University in China. From 2008 to 2009, he worked during his 
master internship on a project on metabolic engineer g of terpenoid indole alkaloid 
biosynthesis in Catharanthus roseus hairy root cultures, at the department of Crop 
Molecular Breeding, Biotechnology Research Institute, Chinese Academy of 
Agricultural Sciences, under supervision of Dr. Yixiong Tang and Dr. Yanmin Wu. He 
obtained his master degree in January 2010. In December 2009, he started his PhD 
research which was supported by a grant from the China Scholarship Council, at the 
department of Plant Cell Physiology, Institute of Biology, Leiden University, The 
Netherlands, under the supervision of Prof. Dr. Johan Memelink. After his graduation 
he will continue as a post-doc in the department of M lecular and Developmental 
Genetics under supervision of Prof. Dr. Paul J.J. Hooykaas on the domesticated 
transposase DAYSLEEPER in Arabidopsis thaliana and Agrobacterium mediated 
transformation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
